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This thesis describes the epitaxial growth, characterizations and a device 
application of N-polar III-nitride materials. In particular, it investigates (1) the 
control of buffer polarity in the growth of N-polar films on sapphire substrates, 
(2) the anisotropic material properties of N-polar films grown on offcut 
substrates, (3) the material quality improvement of N-polar InGaN/GaN 
quantum wells using a flow-modulation method, and (4) a theoretical study of 
an application of N-polar materials in a novel light emitting diode structure. 
It was found that the polarity of GaN films could be inverted from N- to 
mixed- or Ga-polarity by a short duration of metal-source preflow after a 
substrate nitridation in the MOCVD process. It was observed for the first time 
that preflows of Ga, Al, In and Mg sources can all invert the film polarity. The 
polarity inversion by the metal source preflow was attributed to an accumulation 
of two-mononlayer metal atoms on the nitridated surface. In addition, it was 
proposed that a similar two-monolayer of metal atoms exist in the low-
temperature (LT) GaN buffer grown under low V/III ratio, as evidenced by the 
Ga-Ga signal in the X-ray photoelectron spectroscopy. These findings imply 
that it is important to suppress the accumulations of metal atoms in the LT-
buffers in order to obtain reliable N-polar films in the MOCVD process. 
In addition, the growths of N-polar films were performed on offcut 
rather than on-axis sapphire substrates to mitigate surface hillocks. Anisotropic 
properties involving crystallinity, strain and optical luminescence were 
discovered in the N-polar GaN layers grown on offcut sapphire substrate. Along 
the substrate offcut direction, the N-polar GaN films showed broader widths of 
the GaN (0002) rocking curves, more compressed in-plane strain and higher 
VIII 
polarized photoluminescence intensity than those along the orthogonal direction. 
The structural, strain and optical anisotropies were attributed to the anisotropic 
mosaic tilt, preferential strain relaxation, and strain anisotropy induced 
polarized carrier transitions, respectively. 
A TMGa flow modulation method was implemented in the growths of 
N-polar InGaN/GaN multiple quantum wells. By optimizing the turning-on and 
turning-off durations of the TMGa flow in the GaN barrier growths, the surface 
roughness was reduced from 6.6 nm in root-mean square to 1.5 nm, the 
barrier/well interface flatness was also improved as evidenced by the decreased 
width and increased intensity in the X-ray diffraction fringes, and the integral 
yellow luminescence intensity of the photoluminescence was reduced by nearly 
6 times at 5 K and 2 times at 300K. These improvements were attributed to the 
higher adatom diffusivity and lower oxygen incorporation as a result of lower 
supersaturations in growth of GaN barriers with flow modulations. 
A novel light emitting diode (LED) structure consisting of an N-polar p-
GaN instead of Ga-polar p-GaN above a Ga-polar quantum well structure was 
proposed, and its electrical and optical properties were theoretically studied. An 
electron blocking barrier is induced at the N-/Ga-polarity interface. Compared 
to a conventional Al0.2Ga0.8N electron blocking layer (EBL), the polarization-
induced barrier has higher electron blocking barrier and lower holes injection 
barrier (e.g., 95 meV higher for electron and 96 meV lower for holes at 100 
mA). Such an advantage leads to nearly two times higher current injection and 
optical efficiencies at both low and high current injections than those of a 
conventional LED structure with an Al0.2Ga0.8N EBL.   
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Chapter 1 Introduction 
The III-nitride semiconductors, i.e., AlN, GaN, InN and their ternary and 
quaternary alloys, are considered one of the most important groups of 
semiconductors after Si. This follows from their wide applications in solid state 
lighting and displays [1]–[3], semiconductor lasers [4], [5], photodetectors [6]–
[8], solar cells [9], [10], and high power/high frequency electronic devices, 
[11]–[15] owing to their unique material properties that are distinguished from 
other III-V materials (e.g., AlInGaAs and InGaAsP). One of these properties is 
the polarization field, which is the signature characteristic of the III-nitride 
semiconductors. The efficient applications of the III-nitride based devices 
require an in-depth understanding of the polarization properties of the III-
nitrides, and their impacts on device performances. This chapter starts with the 
background knowledge of the III-nitride crystals, including the crystal structure, 
polarity and polarization. Based on the polarization property, two important 
device structures, i.e., Ga- and N-polar devices, are introduced. Next the specific 
advantages of the N-polar devices over the Ga-polar counterparts are discussed. 
Also discussed are the existing challenges in the practical applications of the N-
polar materials. The rest part of this chapter covers the objectives, the major 
contributions, and the organization of this thesis. 
1.1 Background 
1.1.1 Crystal structure of III-Nitrides 
The common crystal structures of group-III nitrides are wurtzite (WZ) 
and zincblende (ZB). Under ambient conditions, the thermodynamically stable 
2 
structure is wurtzite for bulk AlN, GaN and InN [16]. The space grouping for 
the ZB structure is 𝑇𝑑
2 (𝐹43𝑚) in the Schoenflies (Hermann-Mauguin) notation 
and has a cubic unit cell consisting of four group-III atoms and four nitrogen 
atoms. The space grouping of the WZ structure is 𝐶6𝑣
4  ( 𝑃63𝑚𝑐 ) in the 
Schoenflies (Hermann-Mauguin) notation. In the WZ structure, each group-III 
atom is tetrahedrally bonded with four nitrogen atoms and vice versa, giving 
rise to a hexagonal unit cell that is defined by three parameters: basal plane 
lattice constant 𝑎, vertical lattice constant 𝑐, and internal parameter 𝑢 [see Fig. 
1.1(a)]. The parameter 𝑢 is defined as the cation-anion bond length divided by 
the parameter 𝑐. In an ideal WZ structure, the 𝑐/𝑎 ratio is √8/3 = 1.633 and 
𝑢 = 3/8 = 0.375. However, the experimental values of 𝑐/𝑎 and 𝑢 for all III-
nitrides are deviated from the ideal values because of different electron 
negativities, 𝑐/𝑎 ratios and the 𝑢 values among AlN, InN, and GaN [17], [18]. 
In Table 1.1, it is clearly seen that the 𝑐/𝑎 ratio of GaN is the closest to the ideal 
value, while the 𝑐/𝑎 ratio of AlN has the largest deviation from the ideal value. 
Such a deviation, also called the non-ideality of the 𝑐/𝑎 ratio, is an important 
factor that determines the polarization strength of the WZ III-nitride materials. 
Another property of the WZ structure is the lack of inversion symmetry along 
the 𝑐 -axis, which yields two non-equivalent lattice structures or polarities: 
metal-polarity [Fig. 1.1(b)] and N-polarity [Fig. 1.1(c)], each with a polarization 
vector along the opposite direction. The strength and direction of the 
polarization will be discussed in thnext section. 
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Fig. 1.1 (a) Ball-and-stick model of wurtzite metal-polar crystal structure. The 
atomic arrangements of (b) metal-polar and (c) N-polar wurtzite structures 
projected into the (1120) plane [the shadowed area in (a)]. The red arrows in 
(b) and (c) denote the directions of the polarization fields of both polarities. 
Table 1.1 Lattice parameters of wurtzite AlN, GaN and InN at 300 K (Refs. [17], 
[18]). 
Parameter Ideal AlN GaN  InN 
𝑎(Å) -- 3.112 3.189 3.548 
𝑐(Å) -- 4.982 5.186 5.705 
𝑐/𝑎 (exp.) -- 1.601 1.626 1.608 
𝑐/𝑎 (cal.) 1.6330 1.619 1.6336 1.6270 
𝑢 0.375 0.380 0.376 0.377 
 
1.1.2 Polarization properties in III-Nitrides 
In the WZ III-nitride structure, there exists a large electronegativity 
between group-III atoms (Al, Ga and In) and nitrogen atoms. The strong 
electronegativity can induce a highly pronounced polarization field along the 𝑐-
axis, i.e., 〈0001〉 , in WZ III-nitrides. Such a polarization field is called 
spontaneous polarization since its strength and direction are only dependent 
upon the material nature (see Table 1.2). AlN has the strongest spontaneous 
polarization and GaN has the weakest, which corresponds to the largest non-
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ideality of AlN and the smallest non-ideality of GaN, respectively (see Table 
1.1). The direction of the spontaneous polarization relies on the crystal growth 
direction or polarity, i.e., metal-polarity or N-polarity. In metal-polar III-nitride 
epitaxial thin films, the spontaneous polarization field points from the epilayer 
surface to the substrate, whereas in N-polar III-nitride epi-films, the direction is 
the opposite [see Figs 1.1 (b) and 1(c)]. 
III-nitride films are usually epitaxially grown on foreign substrates, e.g., 
sapphire, SiC and Si, due to the lack of proper nitride substrates. As a result of 
the large lattice mismatch between the III-nitride and the substrate, the III-
nitride eiplayers usually undergo compressive or tensile strain. This leads to 
another type of polarization termed as piezoelectric polarization. Unlike the 
spontaneous polarization, the magnitude of piezoelectric polarization depends 
on the amount of lattice mismatch between the epi-film and the substrate, while 
its direction depends on the type of strain in the plane normal to the c-axis. Take 
the metal-polarity as an example (see Fig. 1.2), a compressive strain 
perpendicular to the 𝑐-axis tends to stretch the tetrahedral unit along the 𝑐-axis 
and increases the 𝑐/𝑎 ratio; the projections of dipole components 𝑃2, 𝑃3 and 𝑃4 
into the 𝑐 -axis, 𝑃2
′ , 𝑃3
′  and 𝑃4
′ , therefore incline to increase as well. In 
consequence under in-plane compression, the piezoelectric polarization tends to 
partially cancel the spontaneous polarization, thus the total polarization strength 
decreases. In this case, the direction of piezoelectric polarization is defined to 
be opposite to the spontaneous polarization (i.e., from substrate to surface). In 
comparison, for a tensile strain, the lattice tends to shrink along the [0001] 
direction, resulting in an increase of the total polarization strength. The 
piezoelectric polarization is thus in the same direction as the spontaneous 
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polarization (i.e., from surface to substrate). In the case of N-polarity, the 
direction of piezoelectric polarization follows the same definition as in the Ga-
polarity case. 
 
Fig. 1.2 Schematic illustration of the effect of compressive and tensile strain on 
the strength of piezoelectric polarization in a Ga-polar tetrahedral unit. P1–P4 
are the four N-Ga dipoles in the tetrahedral unit. P’2–P’4 are the components of 
dipoles P2–P4 projected in the [0001] direction. 
Table 1.2 lists the theoretical spontaneous polarization and piezoelectric 
parameters for metal-polar III-nitride binaries [17]. The piezoelectric 
polarization can be calculated through 𝑃𝑝𝑧 = 𝑒33𝜖𝑧𝑧 + 𝑒31(𝜖𝑥𝑥 + 𝜖𝑦𝑦), where 
the 𝜖𝑥𝑥 , 𝜖𝑦𝑦  and 𝜖𝑧𝑧  are the strain tensors in the 𝑥 , 𝑦  and 𝑧  directions of a 
Cartesian coordinate. For example, assuming an AlN thin-film fully strained on 
a GaN bulk crystal, the piezoelectric polarization in AlN can be has high as -
0.05 C/m2. For ternary III-nitride materials, the calculation of spontaneous and 
piezoelectric polarizations needs to consider the Vergard’s law and bowing 
parameters. Details regarding to this issue is elaborated in Appendix A.2. 
Table 1.2 Calculated spontaneous polarization, piezoelectric constants and 
elastic constants for metal-polar binary III-nitrides at 300 K. 
Parameter Symbol Units InN GaN AlN 
Spontaneous polarization [17] Psp C/m
2 -0.032 -0.029 -0.081 
Piezoelectric constant (z) [17] e33 C/m
2 0.97 0.73 1.46 
Piezoelectric constant (x,y) [17] e31 C/m
2 -0.57 -0.49 -0.6 
Elastic constant [19] 
C33 GPa 224 398 373 
C13 GPa 92 106 108 
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1.2 Motivation 
It has been realized that the polarization property plays an important role 
in the WZ III-nitride devices, and it also opens a new path for researchers in 
device design. The polarity characteristic of WZ III-nitride gives rise to two 
types of nitride devices: metal-polar (or Ga-polar) and N-polar devices. Over 
the years, efficient III-nitride devices were fabricated invariantly based on Ga-
polarity, while N-polar nitride devices got less attention due to the difficulties 
of achieving high quality N-polar III-nitride epitaxial films. However, as a 
number of breakthroughs have been made in the last decade, the N-polar nitride 
devices are attracting more and more interest in the III-nitride community. This 
is motivated by the various advantages of N-polar devices over the existing Ga-
polar technology. This section emphasizes these promising advantages of N-
polar III-nitride materials in optoelectronic and electronic device applications, 
and the existing challenges in the growth of N-polar materials and device 
fabrications. 
1.2.1 Advantages of N-polar III-nitride devices 
1.2.1a Improving quantum efficiency in LEDs 
III-nitride based light emitting diode (LED) generally consists of layers 
of n-GaN, InGaN/GaN (for visible light emission) or GaN/AlGaN (for ultra-
violet light emission) multiple quantum wells (MQWs), and p-GaN. At the 
interface between a quantum well (QW) and a quantum barrier (QB), there 
exists a high density of fixed polarization charges due to the strong spontaneous 
polarization and large piezoelectric constants. Figure 1.3 plots the polarization 
charge densities at the interface between a GaN substrate and a metal-polar 
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Ga(In, Al)N alloy with various compositions. The calculation is based on an 
assumption that the Ga(In, Al)N layer is pseudomorphically grown on the GaN 
substrate. For InGaN/GaN and GaN/AlGaN MQWs, the polarization charge 
density at the QW/QB interfaces increases monotonically with increasing alloy 
composition (up to 1014 cm-2). In the case of N-polar heterointerfaces, the charge 
density has an opposite sign. 
 
Fig. 1.3 Calculated net polarization charge density at metal-polar InxGaN1-
x/GaN, AlxGa1-xN/GaN and AlxIn1-xN/GaN heterointerfaces with respect to alloy 
composition x, assuming the ternary layers are pseudomorphically grown on a 
strain-free GaN substrate. Negative sign stands for negative polarization 
charges. For N-polar heterostructures, the interface polarization charge density 
has an opposite sign. 
In LED devices, the high density of polarization charges at the QW/QB 
interfaces can be detrimental for carrier capture in the QW, as it can induce a 
strong internal electric field (sometime in excess of several MV/cm) within the 
QW. Such a strong built-in electric field can bend energy bands severely and 
therefore push the electron states to lower energies and the hole states to higher 
energies, resulting in a redshift in the emission energy, and a reduction of 
overlapping between the electron and hole wavefunctions which can decrease 
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the radiative efficiency in the QW (see the inset of Fig. 1.4). This phenomenon 
is well-known as quantum confinement Stark effect (QCSE) [20].  
The QCSE has been attributed to one of the causes for another notorious 
phenomenon in LED’s application, which is called the efficiency droop. The 
efficiency droop describes the decreasing tendency of quantum efficiency of 
LED with increasing current injection (see the outset of Fig. 1.4). More 
specifically, the quantum efficiency typically reaches to a peak at a few A/cm2 
and then drops down to as low as 50% of the peak value with current densities 
increasing to hundreds of A/cm2. The origin of the efficiency droop has not been 
fully understood yet [21]–[25], however the electron overflow out of the QW 
due to the polarization induced QCSE has been frequently assigned to the cause 
of the efficiency droop [26], [27].  
 
Fig. 1.4 Inset: schematic illustration of the band bending in a Ga-polar 
InGaN/GaN single quantum well LED. The polarization-induced electric field 
in the QW causes a separation of the electron and hole wavefunctions, lowers 
the quantum barrier (p-GaN side) and results in electron overflow. Outset: 
Measured external quantum efficiencies with respect to injection current density 
of Ga-polar InGaN/GaN QWs-based LEDs without and with AlGaN and InAlN 
electron blocking layers [28]. 
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To make energy effective and high brightness LED devices, the 
efficiency droop phenomenon has to be eliminated. Fortunately, N-polar LEDs 
offers a new solution to this issue thanks to its reversed polarization field, as 
opposed to Ga-polar LEDs. Figure 1.5 illustrates how differently the 
polarization field affects the Ga- and N-polar LEDs. In the Ga-polar single 
InGaN QW-LED [Fig. 1.5(a)], the InGaN well layer undergoes compressive 
stress, and thus the piezoelectric field 𝑃𝑝𝑧 opposes the spontaneous polarization 
𝑃𝑠𝑝. At the n-GaN/InGaN interface, the net polarization charges are negative, 
and therefore the total polarization field 𝑃𝑡𝑜𝑡 points from the n-GaN to the p-
GaN. In consequence, the polarization-induced electric field 𝐸𝑝𝑜𝑙 adds to the 
external forward bias 𝐸𝑏𝑖𝑎𝑠 . As a result, when applying a forward bias, the 
energy band of the QW bends down further, reducing more radiative efficiency 
[Fig. 1.5(c)]. However, in the N-polar LED [Fig. 1.5(b)], 𝐸𝑝𝑜𝑙 counteracts with 
𝐸𝑏𝑖𝑎𝑠. This causes the energy band of the QW to be less inclined under a forward 
bias [Fig. 1.5(d)]. Therefore, there is less band bending in the N-polar 
InGaN/GaN QW under forward current injection, and thus a weaker QCSE. In 
such a scenario, the efficiency droop is supposed to be less pronounced in N-
polar LEDs (see Fig. 1.6). Such an advantage of N-polar LEDs was supported 
by the theoretical simulation in Verzellesi’s work [29]. 
10 
 
Fig. 1.5 Polarization charge distributions in (a) Ga-polar and (b) N-polar single 
quantum well n-GaN/InGaN/p-GaN LED structures. Psp, Ppz, Ptot, Epol and Ebias 
denote the spontaneous polarization field, piezoelectric polarization field, the 
total polarization field, polarization-induced electric field and the external 
forward electric field, respectively. Schematic illustrations for the conduction 
band bending of Ga-polar (c) and N-polar (d) InGaN quantum well without bias 
(solid line) and with forward bias (red dash). 
 
Fig. 1.6 Simulated internal quantum efficiency (IQE) as a function of driving-
current curves for Ga- and N-polar InGaN/GaN MQW LEDs in the case of (a) 
weak Auger recombination (C=10-31cm6s-1) and (b) strong Auger recombination 
(C=10-30cm6s-1) (Reprinted from Ref.[29]). 
 
1.2.1b High indium incorporation in InGaN alloys 
InGaN alloys offer a high tunability of bandgap which spans from 0.61 
eV to 3.44 eV [19], enabling a vast range of optoelectronic applications, 
including solid state lighting [30], full-color LED display [31], [32], and optical 
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communication [33]. The full exploitation of the InGaN alloys requires an 
efficient indium incorporation during the epitaxy of InGaN alloy. However, 
such a requirement is a long-standing challenge due to the conflicting growth 
conditions for InN and GaN. The equilibrium N2 vapor pressure over the InN is 
several orders of magnitude higher than that over the GaN, while the 
dissociation temperature of InN is hundreds Celsius degrees lower than GaN. 
Therefore the growth of higher indium content InGaN layers has to be done at 
lower growth temperature (i.e., 700 ~ 800 ℃ for blue or green LED growth), 
and in a nitrogen ambient. The low growth temperature largely reduces the 
decomposition efficiency of NH3 (i.e., less than 30% at ~700℃) [34]. As the 
partial pressure of radical nitrogen is low, incorporation of impurities such as 
carbon and oxygen can be very high, resulting in poor crystal quality and low 
optical efficiency [35]. In addition, in the nitrogen ambient and at low 
temperature, the surface migration of adatoms is greatly reduced [36], [37], 
which can result in poor interface sharpness in the InGaN/GaN QW structure 
[38]. Although a higher growth temperature is expected for a higher 
decomposition rate of NH3, it may also cause thermal decomposition or etching 
of the as-grown InGaN. In other words, there exists a tradeoff between the 
crystal quality and the indium content in the growth of InGaN. 
The indium content of InGaN is majorly limited by the amount of radical 
nitrogen species. In the growth of Ga-polar InGaN, the adsorption of N atoms 
on the surface is hooked up by only one Ga or In atom [Fig. 1.7(a)], whereas in 
the growth of N-polar InGaN, the adsorpted nitrogen atom is bonded with three 
Ga or In atoms [Fig. 1.7(b)]. This implies that the nitrogen atoms have higher 
desorption energies on the N-polar InGaN surface than that on the Ga-polar 
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InGaN surface [39].  Therefore, N-polar InGaN, when compared to Ga-polar 
InGaN, is suggested to have higher indium incorporation efficiency in the 
epitaxial process. Keller et al. carefully compared the indium content of Ga- 
and N-polar InGaN/GaN MQWs at various growth conditions and found that: 
(1) surface pits, which are commonly seen on Ga-polar MQW surface, are 
absent on the N-polar MQWs; (2) the N-polar MQWs showed distinct QW-
related luminescence; (3) the N-polar MQW samples had higher indium content 
than the Ga-polar samples when growing at the same temperature and TMIn 
flow rate; and (4) the N-polar InGaN can be grown at ~100 ℃  higher 
temperature than the Ga-polar samples [40] (see Fig. 1.8). These findings 
verified the high indium incorporation efficiency in N-polar InGaN films. With 
a higher indium content InGaN, N-polar InGaN/GaN MQW-based LEDs are 
possible to work in a longer wavelength range, such as green light emission [41]. 
 
Fig. 1.7 Schematic illustration of N-adsorption on Ga-polar (a) and N-polar (b) 
surface. The adsorpted-N is hooked up with one Ga(In) atom on the Ga-polar 
surface, while with three Ga(In) atoms on the N-polar surface. 
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Fig. 1.8 (a)PL spectra of N-polar InGaN/GaN MQW samples grown with 
different TMIn flows. (b) Dependence of the indium mole fraction in the Ga- 
and N-polar MQW xIn (determined by X-ray diffractometer) on the TMIn flow 
during deposition. (c) (0004) reflection ω-2θ X-ray diffraction scans recorded 
for the N- and Ga-polar MQW samples grown with 6.2 μmol/min of TMIn 
(solid lines) and corresponding simulated curves (dashed lines). (d) Dependence 
of the indium mole fraction in the MQW xIn  on the growth temperature of 
simultaneously grown N-polar and Ga-polar samples. Figure and caption taken 
from [40]. 
 
1.2.1c Advantages in high electron mobility transistors 
The third advantage of N-polar III-nitrides is in the application of high 
electron mobility transistors (HEMTs). In a Ga-polar HEMT, the two-
dimensional electron gas (2DEG) is located beneath a wide-bandgap Al(Ga)N 
channel [Fig. 1.9(b)]. In contrast, in an N-polar HEMT, the 2DEG is located at 
a GaN channel that is on top of a Al(Ga)N barrier, owing to the reversed 
14 
polarization field in the N-polar structure [Fig. 1.9(b)]. Such a different 
configuration of the N-polar HEMT has been suggested to offer a number of 
advantages over the existing Ga-polar devices in the following aspects: 
 
Fig. 1.9 Simulated equilibrium band diagrams of (a) a Ga-polar Al0.3Ga0.7N(30 
nm)/GaN HEMT and (b) an N-polar GaN(30 nm)/Al0.3Ga0.7N(30 nm)/GaN 
HEMT [42]. The energy band diagrams are calculated using a self-consistent 
Schrodinger-Possion solver. 
(1) Low Ohmic contact resistivity: Because for N-polar HEMTs, the ohmic 
contact to the 2DEG is made on GaN instead of on a wider bandgap Al(In, Ga)N, 
lower ohmic contact resistivities can be obtained as the surface barrier of GaN 
is lower than that of Al(In, Ga)N. This has been supported by the ultralow ohmic 
contact resistance of 25Ω ⋅ 𝜇𝑚 made on an N-polar compositionally graded 
InxGa1-xN (x is from 0 to 1.0) layer grown on a GaN channel [43]. As InN has a 
low decomposition temperature (~630 °C), to avoid the degradation of the 
contact layer in post high-temperature processes, another option is to make the 
contact on a highly-doped N-polar n-GaN layer. A similarly low contact 
resistance of 30 Ω ⋅ 𝜇𝑚 using this method has been demonstrated by Meyer et 
al. [44]. 
(2) Enhanced electron confinement: In N-polar HEMT structures, there 
exists a natural built-in back barrier, [i.e., Al(Ga)N or Al(In)N] which is absent 
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in Ga-polar HEMTs. When applying a negative bias on the gate, the 2DEG 
charge is depleted and the electron wavefunction shifts away from the gate in a 
Ga-polar device but is confined by the back-barrier in an N-polar HEMT [15], 
[45]. By using latticed matched InAlN as the back-barrier, the capability of 
electron confinement can be further enhanced due to the higher polarization 
charges and larger band offset at the GaN/InAlN interface [11, 46-47]. The 
improved electron confinement in N-polar HEMTs has been suggested to 
provide better off-state pinch-off characteristics, reduced on-state output 
conductance and decreased drain-induced barrier lowering effect.  
(3) Improved scalability: Aspect ratio (the ratio between the gate length and 
the gate-to-channel separation) is a critical factor affecting the operation of the 
HEMT devices and should be maintained above five [48]. While scaling down 
the gate length, the distance between the gate and the 2DEG must be reduced as 
well to maintain the aspect ratio of the device, which means reducing the top 
barrier thickness. In Ga-polar HEMTs, thinner barriers result in less charge than 
thicker barriers of the same composition. In contrast, in N-polar HEMTs, the 
2DEG density is more determined by the back-barrier thickness and 
composition. In addition, unlike the Ga-polar HEMT in which a thickness 
and/or composition change of the top-barrier can also affect the 2DEG density, 
for N-polar devices, such a reduction can be compensated by increasing the Al 
composition and thickness of the AlGaN back-barrier, or by employing a lattice-




1.2.1d Summary of the advantages of N-polar III-nitrides 
A number of advantages is achieved over the current Ga-polar 
technology from the reversal polarization field compared to that of the Ga-polar 
III-nitrides. In LED device applications, the reversed polarization-induced 
electric field can alleviate the band bending of QWs while applying a forward 
bias. This increases the internal quantum efficiency and reduces the efficiency 
droop effect. The higher surface adsorption energy of N adatoms on the N-polar 
surface can increase the indium incorporation efficiency in InGaN alloy, and 
hence enable long-wavelength LED applications. In HEMT device applications, 
the reversed N-polar HEMT structure as opposed to the standard Ga-polar 
devices allows the possibility of lower contact resistance being formed and 
better electron confinement in the channel by Al(Ga)N or Al(In)N back-barrier. 
Moreover, the flexible scalability of the N-polar GaN channel length due to the 
presence of the AlGaN back-barrier can help minimize device scale and 
improve the frequency performance of HEMT devices in the RF-application. 
1.2.2 Challenges in the epitaxy of N-polar III-nitride films 
1.2.2a Robust N-polarity control on various substrates 
In the epitaxial growth of N-polar III-nitride films on foreign substrates 
(e.g., sapphire, SiC and Si), it is essential to have a robust control over the film 
polarity. However, the growth of N-polar films is more challenging than that of 
Ga-polar layers. On c-plane sapphire substrates, it is known that a substrate 
nitridation process in NH3 is necessary to obtain N-polarity. On SiC substrates, 
the substrate polarity is served as a template for subsequent epilayers’ polarity. 
Ga-polar films are usually grown on Si-face SiC, while N-polar films are usually 
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started on C-face SiC [49]. For the epitaxy on both substrates, N-polarity is 
usually prone to be inverted by subsequent growth conditions, such as the V/III 
ratio, buffer thickness and annealing duration in buffer growth, whereas Ga-
polarity is less likely to be affected (See 3.1). In-depth understanding of the 
polarity inversion mechanism by the growth conditions is required for a robust 
N-polarity growth. Further, on Si(111) substrates, growth of N-polarity is even 
more challenging due to the non-polarity of Si(111) along c-axis. A polarity 
inversion from a Ga-polar GaN-on-Si(111) template to N-polarity by heavy Mg-
doping (1020𝑐𝑚−3) is one option to obtain N-polar films on Si(111) substrates 
[50]. However, this process requires rigorous growth optimizations in order to 
maintain a good crystal quality not being degraded by the polarity inversion. 
1.2.2b Rough surface morphology 
Despite the advantages of the N-polar orientation, the exploitation of N-
polar materials in device applications has lagged far behind the Ga-materials. 
This is mostly due to the poor material qualities of N-polar III-nitride, especially 
due to the high surface roughness. For example, large pyramidal hexagonal 
hillocks are commonly seen on the surface of an N-polar GaN film grown on 
nominally on-axis sapphire and C-SiC substrate. The low diffusivity of adatoms 
on the N-polar GaN surface has been suggested to be the major cause of the 
hillocks formation. Using a low V/III ratio and a low vacuum pressure can to 
some extent increase the adatom migration and hence reduce the density of the 
hillocks. Flow modulation epitaxy has also been tried to get rid of the hillocks 
[51]. However none of these approaches can mitigate the surface hillocks 
completely and obtain an atomically smooth N-polar surface. Nevertheless, 
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mirror-like N-polar GaN films have been successfully achieved on substrates 
with an appropriate misorientation (offcut) [52], [53]. The high density of 
surface steps on the misoriented substrate can greatly promote the step-flow 
growth of the epitaxial layer and therefore suppress the formation of hillocks. 
Figure 1.10 shows the scanning electron microscopy images and atomic force 
microscopy images of the surface morphologies of N-polar GaN films grown 
on 𝑐-plane sapphire substrates with varied offcut angles toward the 𝑎-plane. As 
the offcut angle increases, the density and the size of the hillocks were decreased. 
The hillocks were almost disappeared on the GaN surface grown on a 4°-offcut 
sapphire substrate (for details see Section 4.2 in Chapter 4). For a robust control 
of the surface smoothness, 4°-offcut sapphire wafers are usually utilized as the 
substrates for the growth of N-polar devices [45], [54]. 
 
Fig. 1.10 Scanning electron microscope images (a)–(c) and topographic atomic 
force microscopy images (d)–(f) (10μm×10μm) of N-polar GaN films grown on 
c-plane sapphire substrates with offcut angles of 0°, 2°, and 4° toward the a-
plane, respectively. 
Although a large offcut angle is desired for a reliable roughness control 
during the epitaxial growth, it has been found that micro-step bunching formed 
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on the surface of GaN grown on large offcut angles [55]. As the offcut angle 
and the thickness of the layer increase, the density of step-bunching also 
increases, leading to a surface roughening. Another effect of the substrate offcut 
is that the epilayers grown on offcut substrate may have non-uniform material 
properties such as anisotropies, which may degrade the uniformities of device 
performance. Polarized light emission and anisotropic electron mobility have 
been reported on the devices grown on offcut sapphire substrates [50], [54]. 
These effects brought by the substrate offcut must be also taken into 
consideration when doing epitaxial growth. 
1.2.2c High oxygen incorporation 
Another challenge is the high oxygen incorporation in the N-polar GaN 
films. It was reported that the oxygen concentration in the N-polar GaN was up 
to two orders of magnitude higher than that in the Ga-polar samples[35], [56]. 
Fichtenbaum et al. carefully studied the oxygen concentration in Ga- and N-
polar GaN samples grown at different conditions [56]. They found that in a wide 
range of growth conditions the oxygen concentrations were generally at least 10 
times higher in the N-polar GaN samples than that in the Ga-polar samples. In 
addition, the oxygen concentration in the N-polar GaN increases with increasing 
TMGa flow rate and growth temperature, and with decreasing reactor pressure 
and V/III ratio (see Fig. 1.11). This was attributed to the reduced evaporation of 
nitrogen species at a high V/III ratio and a low reactor pressure [57]. 
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Fig. 1.11 Secondary ion mass spectroscopy data of the oxygen concentration in 
Ga- and N-polar samples, as a function of (a) Ga flow, (b) pressure, (c) 
temperature and (d) V/III ratio. 2A means a 2°-offcut toward the a-plane, 4M 
means a 4°-offcut toward the m-plane, and so on [56]. 
Oxygen is believed to substitute nitrogen in the GaN lattice, owing to 
their similar atomic radii. The different oxygen concentrations in N- and Ga-
polarities can be understood by comparing the surface bonding configuration of 
both polarities (see Fig. 1.12). For the Ga-polarity, atoms impinging on a 
nitrogen site form only a single bond to the Ga surface atoms. However, for the 
N-polarity, an atom impinging on a nitrogen site form three bonds to the Ga 
surface atoms, leading to a much higher adsorption energy on the N-polar 
surface compared to a single Ga-O bond on the Ga-polar surface [36]. This is 
similar to the higher indium incorporation efficiency in N-polar InGaN due to 
the higher nitrogen adsorption energy on N-polar surface (see Fig. 1.7). As a 
result, more oxygen atoms are likely to be incorporated in the N-polar GaN than 
that in the Ga-polar material. Because oxygen usually acts as a shallow donor 
in GaN crystals, the high oxygen concentration in N-polar GaN can result in 
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background electron concentration in the range of mid-1017𝑐𝑚−3 or higher for 
unintentionally doped N-polar GaN [58]. This may make the growths of semi-
insulating or p-type doping GaN layers very challenging. 
 
Fig. 1.12 Illustration of the different oxygen incorporation behavior on the (a) 
Ga-polar (0001) and (b) N-polar (0001) surfaces. Atomic configurations are 
viewed from the [1120] direction. 
 
1.2.2d Low luminescence efficiency of N-polar InGaN 
Irrespective of the higher In incorporation efficiency of InGaN and the 
expected high quantum efficiency in the N-polar InGaN/GaN quantum wells, in 
real practice, the photoluminescence for the N-polar multiple quantum wells 
(MQW) was still at least about 20 times less intense than that for the Ga-polar 
MQWs of comparable In composition [40]. Despite N-polar samples with good 
morphological and structural properties were achieved using molecular beam 
epitaxy, no such a MQW-related emission was seen [59]. This implies that 
threading dislocation density cannot be blamed solely for the low optical 
efficiency in InGaN wells. Also, the high oxygen concentration in N-polar 
InGaN should not be the cause of low luminescence, because oxygen is a 
shallow donor and should result in an increase of the intensity of the bound 
exciton line [59]. Other impurities such as carbon in N-polar samples was 
reported to have lower concentration in N-polar samples than Ga-polar samples 
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if grown on offcut substrates. High concentration of point defects at InGaN/GaN 
interfaces were also proposed to quench the luminescence. However, none of 
these propositions were well proven by experiments. So far the origin of the low 
optical efficiency of the N-polar InGaN/GaN MQW is still unclear. 
1.2.2e Summary of the challenges in the N-polar III-nitride epitaxy 
The poor performance of real N-polar devices compared to existing Ga-
polar technology is the result of issues facing in the epitaxial growth. These 
challenges can be summarized as the poor surface morphology, high impurity 
incorporation, especially oxygen, and poor luminescence efficiency of the 
InGaN. Therefore, it is worthwhile to conduct fundamental research into these 
issues and learn how they impact on the properties of N-polar III-nitrides while 
devising appropriate solutions. 
1.3 Objectives  
While N-polar III-nitrides have a number of advantages over the Ga-
polar counterparts in optoelectronic and electronic device applications, they are 
still facing a variety of challenges and difficulties at the current stage. In spite 
of the breakthroughs made in previous research of N-polar III-nitrides, the 
performance of N-polar GaN based devices is still generally inferior to that of 
Ga-polar devices. To push the performance of N-polar III-nitride devices to a 
higher level, it is essentially important to have in-depth understanding in the 
aspects of epitaxial growth, material properties and potential applications of N-
polar III-nitrides. With this bearing in mind, we focused on the epitaxial growth, 
characterizations and applications of N-polar III-nitride materials, and have 
identified several issues in need of better understanding and improvement: 
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1) The polarity control and its mechanism in the GaN growth on sapphire 
substrates using a metal adlayer in the metal-organic chemical vapor 
deposition process. 
2) The effect of the substrate offcut on the anisotropic structural, strain and 
optical properties in the N-polar GaN films and their physical origins. 
3) The improvement of material qualities of N-polar InGaN/GaN multiple 
quantum wells, e.g. surface/interface smoothness and 
photoluminescence. 
4) Potential applications of the N-polar III-nitride materials in LEDs. 
These issues will be elaborated in the following chapters.  
1.4 Major contributions 
Several breakthroughs were achieved as the result of our research on 
these topics. Our contributions to the field are listed as follows: 
1) Studied the polarity inversion in the growth of GaN films on nitridated 
sapphire substrates by a metal adlayer. It was found that the film polarity 
can be inverted from N- to mixed and to Ga-polar by a short metal-source 
preflow before the growth of low-temperature buffer and after the sapphire 
nitridation. Along with the polarity inversion, threading dislocation 
densities and impurity incorporations were reduced. It was observed for the 
first time that Ga, In, Al, and Mg sources can all invert the polarity. An 
accumulation of two-monolayer metal atoms in the metal-source preflow 
was attributed to the polarity inversion. These results were reported in J. 
Appl. Phys. 117, 125305 (2015) [60].  
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2) Investigated the polarity inversion by a low V/III ratio in the low 
temperature (LT) GaN growth. Experimentally proved that the 
accumulation of metals atoms existed in the LT-GaN layer grown under a 
low V/III ratio, using X-ray photoelectron spectroscopy. The two-
monolayer model was extended to explain the polarity inversion from N- to 
Ga-polarity by the low V/III ratio of LT-GaN growth. 
3) Studied the substrate offcut effects on the structural, strain and optical 
anisotropies of the N-polar GaN thin-films. Along the substrate offcut 
direction, the N-polar GaN films showed broader widths of the GaN (0002) 
rocking curves, smaller in-plane strain and higher polarized light intensity 
than those along the orthogonal direction. The structural, strain and optical 
anisotropies were attributed to the anisotropic mosaic tilt, preferential strain 
relaxation, and strain anisotropy induced polarized carrier transitions in 
different directions, respectively. These results were reported in J. Vac. Sci. 
Technol. A, 34, 5 (2016) [61]. 
4) Implemented a TMGa flow-modulation method in the growth of barriers of 
N-polar InGaN/GaN multiple quantum wells. Compared to the samples 
grown with a continuous flow mode, the samples grown with the TMGa 
flow modulation method showed significantly decreased surface/interface 
roughness and reduced yellow luminescence intensity. 
5) Proposed a novel application of the N-polar material in improving the 
optical efficiency of LED devices. The novel LED structure consisted of an 
N-polar p-GaN grown on a Ga-polar MQW structure. Numerical simulation 
predicted promising advantages of the novel LED structure in terms of 
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enhanced carrier injection and improved optical efficiency. The results were 
summarized in Physica E, 77, 127-130 (2016) [24]. 
1.5 Thesis organization 
The main focus of this thesis is on the epitaxial growth, characterization 
and an application of N-polar GaN thin-films. The rest part of this thesis is 
organized as follows: 
Chapter 2 introduces the main experimental tools used in this thesis, 
including the material growth by MOCVD, micro-photoluminescence 
measurement system, high resolution X-ray diffractometer, atomic force 
microscope and scanning electron microscope.  
Chapter 3 discusses the polarity control of GaN grown on 𝑐 -plane 
sapphire substrates by substrate pre-treatment and the V/III ratio in the growth 
of GaN buffer layer. The influence of the substrate treatment by metal-source 
preflow on the polarity, optical and structural properties of the GaN epilayer 
were systematically investigated. The mechanism of the polarity inversion from 
N- to Ga-polarity by metal-source preflow was discussed. This mechanism was 
then extended to explain the polarity dependence on the V/III ratio of the GaN 
buffer growth. 
Chapter 4 is devoted to the growth and characterizations of N-polar GaN 
films on offcut sapphire substrates, including the initial nucleation on the 
substrate, surface morphology and crystallinity quality of the GaN films grown 
on the offcut sapphire substrates. The particular emphasis is on the anisotropic 
material properties including structural, strain and optical anisotropies in the N-
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polar GaN films grown on the offcut substrates. The origins of these 
anisotropies were investigated. 
Chapter 5 investigates the growth of N-polar InGaN/GaN multiple 
quantum wells with a TMGa flow modulation method in the GaN barrier growth. 
The flow modulation parameters were optimized. The effects of the flow 
modulation growth on the surface morphology, barrier/well interface roughness 
and photoluminescence properties were explored. 
Chapter 6 delves into the application of N-polar material in improving 
the optical efficiency of LED devices. A novel LED structure consisting of an 
N-polar p-GaN grown on a Ga-polar MQW structure was proposed and its 
electrical and optical properties are numerically studied. The advantages of such 
a novel LED structure compared to conventional LEDs were discussed.  
Finally, Chapter 7 summarizes the findings and provides directions for 
future research.  
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Chapter 2 Experimental tools 
This chapter introduces the main experimental tools used in this thesis. 
The first part describes the metal organic chemical vapor deposition (MOCVD) 
system that is used to grow the N-polar III-nitride materials. The second part 
introduces the micro-photoluminescence (PL) system for measuring the optical 
properties, followed by the high resolution X-ray diffractometer (HRXRD) for 
crystal quality characterizations. The fourth part covers the imaging tools 
include the scanning electron microscope (SEM) and the atomic force 
microscope (AFM) for surface morphology inspection. The last part is on the 
potassium hydroxide etching for determining the polarity of GaN films.  
2.1 Metal-organic chemical vapor deposition 
MOCVD is a thin film deposition technique used to produce single or 
polycrystalline thin films. The growth of crystals is by chemical reaction which 
takes place from gas phase at moderate vacuum pressures (e.g., usually 10 ~ 
760 Torr). It can be used for a number of compound semiconductors’ deposition 
on large scale wafers. The MOCVD process has a various advantage over other 
deposition techniques, such as molecular beam epitaxy (MBE). These include: 
the fast growth rate (can be a few micrometers per hour), multi-wafer capability, 
high temperature growth, thermodynamically favorable growth process and 
good crystal quality. Therefore, MOCVD is widely used for mass production in 
industry. Moreover, its capability to create abrupt interfaces in heterostructures, 
e.g., multiple quantum wells and high electron mobility transistors, makes 
MOCVD a preferable method for III-nitride epitaxy and device fabrication. 
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2.1.1 Precursors for MOCVD growth 
The MOCVD growth of III-nitride thin-films uses metal-organic (MO) 
precursors trimethyl-gallium (TMGa), trimethyl-aluminum (TMAl) and 
trimethyl-indium (TMIn) as the group-III sources, ammonia (NH3) as the group-
V source, and bis (cyclopentadienyl) magnesium (Cp2Mg) and silane (SiH4) as 
p-type and n-type dopants, respectively. The MO precursors are kept in sealed 
containers called “bubblers”. Figure 2.1 illustrates the schematic diagram of a 
MO bubbler. The inlet tube is immersed in the MO precursor, while the outlet 
tube is out of the MO precursor. A carrier gas (H2 or N2) flows through the inlet 
to carry the precursor vapor into the gas stream through the outlet. To establish 
the flow velocity, a “push” flow is usually injected to the outlet to provide 
additional carrier gas. 
 
Fig. 2.1 Schematic illustration of the MO bubbler 
Assuming the carrier gas and precursors are ideal gases, the quantity of 
the supplying MO precursor (𝐹𝑀𝑂) in the outlet is a function of the MO vapor 
pressure (𝑃𝑀𝑂), the bubbler regulated pressure (𝑃𝐵) and the carrier gas flow rate 
(𝐹𝑐𝑎𝑟𝑟𝑖𝑒𝑟), which can be expressed as:  
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. Eq. (2-1)  
The vapor pressure of MO source can be calculation according to the 
Antoine equation: 
 log(𝑃𝑀𝑂) = 𝐵 − 𝐴/𝑇, Eq. (2-2)  
where T is the vapor temperature, and B and A are constants. Table 2.1 lists the 
values of A and B constants for the common MO sources used in the MOCVD 
growth of III-nitride materials. 
Table 2.1 Room temperature vapor pressure, constants A and B, and the melting 
points for common MO sources for III-nitride epitaxy 
Compound 
P at 298 K 
(Torr) 
A B 
Melting  point 
(℃) 
(Al(CH3)3)2 TMAl 14.2 2780 10.48 15 
Ga(CH3)3 TMGa 238 1825 8.5 -15.8 
In(CH3)3 TMIn 1.75 2830 9.74 88 
Mg(C5H5)2 Cp2Mg 0.05 3556 10.56 175 
The MO precursors are delivered into the reactor via a carrier gas (H2 or 
N2) separately from the NH3 gas, with which they react and form III-nitride 
crystals on the heated substrate surface. For the growth of GaN crystals, the 
chemical vapor reaction is described as: 
 𝐺𝑎(𝐶𝐻3)3(𝑔) + 𝑁𝐻3(𝑔) → 𝐺𝑎𝑁(𝑠) + 3𝐶𝐻4(𝑔). Eq. (2-3)  
The preferred growth temperature of GaN is usually set to 1000 ~ 1100 
℃. At this temperature, the as-grown GaN crystals can be decomposed through 
the following equilibrium relationship: 
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 𝐺𝑎𝑁(𝑠) → 𝐺𝑎(𝑙) +
1
2
𝑁2(𝑔). Eq. (2-4)  
In the presence of H2, the decomposition of GaN can be greatly 
enhanced, and the onset temperature of decomposition is also reduced. 
Therefore, NH3 and/or N2 gases are usually used to protect GaN surface from 
etching, e.g., during the temperature ramping down after growth. 
2.1.2 MOCVD growth chamber 
All the III-nitride samples described in this thesis were grown using the 
Emcore Turbodisc® D125 system. Figure 2.2(a) shows the picture of the D125 
system located at the Center for Optoelectronics, National University of 
Singapore. Figure 2.2(b) shows the growth chamber, sample load-lock and gas 
inlets. Sapphire substrates are placed in the pockets of a boron nitride coated 
graphite wafer carrier, loaded in the load-lock and then transferred into the 
growth chamber. This process can avoid contamination to the growth chamber. 
The growth chamber has a vertical gas flow design and it is capable of 
accommodating 3×2- inch wafers. During the epitaxial growth, gaseous 
precursors are injected to the chamber via top gas inlets, the wafer carrier is 
heated up to ~1100 ℃ by filaments and rotates rapidly at 1000 rpm to generate 
a reaction boundary layer for mass transfer to occur uniformly across the 
substrate between the gaseous and solid phases. The filament temperature is 
measured by a thermal couple and the wafer surface temperature is monitored 
by a pyrometer. 
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Fig. 2.2 (a) The Emcore D125 MOCVD system. (b) Illustrations of the reactor 
and the sample load lock. Sapphire substrates are loaded in the load lock and 
transferred into the reactor to avoid contamination to the growth chamber. 
Gaseous precursors are injected to the chamber from the top inlets. 
2.1.3 In-situ reflectance monitoring 
For epitaxy growth, it is essential to have real-time information about 
the actual growth rate. Optical reflectance is usually the technique of choice 
because it gives direct access to the growing layers and can be implemented 
through a simple normal incidence view-port. In the course of reflectance 
measurements, a beam of light with a certain wavelength strikes the layer under 
investigation, and it is partly reflected back. The intensity of the reflected light 
is usually measured by a photo diode. For a single interface between vacuum 
and a (bulk) material with refractive index n and an extinction index k, the 




= (𝑛 − 1)2 +
𝑘2
(𝑛+1)2
+ 𝑘2. Eq. (2-5)  
Both quantities n and k show dispersion, i.e. they depend upon the 
wavelength of the incoming light. They also change with the composition of the 
layers and with actual substrate temperature. 
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The growth rate can be obtained by measuring the optical reflectance via 
Fabry-Perot interference effect. The physics of the optical reflection on thin 
films has been well known. Figure 2.3 illustrates the light reflection at a 
transparent layer growing on top of an absorbing substrate. The incident light is 
reflected at the front surface and back surface of the thin layer, and the overall 
intensity of the reflected light is given by the superposition of all reflected 
beams. Due to the phase difference between the single beams, constructive or 
destructive interference will occur, resulting in an intensity-modulation of the 
reflected light as the layer thickness increases. The growth rate 𝑟𝑔  can be 
therefore derived from the wavelength of the incident light 𝜆 and the periodicity 
of the reflectance oscillation 𝑡 following the equation 𝑟𝑔 = 𝜆/(𝑛 ⋅ 𝑡). In D125 
system, the optical reflectance is measured by Filmetrics®, and the light 
wavelength used for measurement is 700 nm. Figures 2.4(a) and 2.4(b) show 
the typical optical reflectance spectra for the Ga- and N-polar GaN growths, 
respectively. Note the difference in the reflectance spectra for Ga- and N-polar 
GaN growths.  
 
Fig. 2.3 Reflection of light at a transparent layer growing on top of an absorbing 




Fig. 2.4 In-situ reflectance spectra of N-polar GaN films grown on non-offcut 
substrates under (a) N2 ambient and (b) H2 ambient. The reflectance intensity 
damps much faster in the growth under the N2 ambient than that in the growth 
under the H2 ambient, indicating a much rougher surface for the sample grown 
in the N2 ambient. 
2.2 Photoluminescence measurement 
PL spectroscopy is an important measurement technique which provides 
contactless and nondestructive probing of electronic structure of materials. 
Figure 2.5 illustrates the PL process in a direction band gap semiconductor. In 
the PL measurement, a laser with photon energy larger than the bandgap of the 
material is usually used as the excitation source. The beam of laser strikes the 
sample surface and its photon energy is absorbed by the material. Electrons near 
the top of the valence bands are then excited to higher energy states (i.e. the 
conduction band), leaving empty states (holes) in the valence bands. The 
electrons on the high energy levels are not stable and they relax rapidly (~ 10-13 
s) to the lowest energy states (i.e. the valence band). These electrons and the 





























































holes in the valence band are then recombine radiatively by emitting photons 
(PL), or nonradiatively by transferring the electrons’ energy to defects or 
impurities in the material or dangling bonds at the surface. 
 
Fig. 2.5 Schematic band diagrams for the photoluminescence process in a direct 
band gap material. Upon absorption of the photons with energy ℏωex>Eg, 
electrons in the valence bands are partially excited to the conduction band 
(represented by the red shaded area), leaving empty states (holes) on the top of 
the valence band. Electrons and holes are then relaxed to the lowest energy state 
and recombine radiatvely by emitting photons (PL) or nonradiatively by 
transferring energy to defects or impurities in the material or dangling bonds at 
the surface. 
Figure 2.6 shows the key components of Renishaw® micro-PL 
measurement system located in the Center for Optoelectronics, National 
University of Singapore. A He-Cd laser with a wavelength of 325 nm is used as 
the excitation source. The laser beam is directed by a set of mirrors to the 
microscope. The laser beam is then concentrated by a ×40 objective lens and 
focused on the sample surface. The PL signal emitted from the sample is 
collected by the microscope and directed to a triangular-shaped grating through 
a slit and an optical filter that removes the background laser signal. The PL 
signal is then wavelength-resolved by the grating and collected by a charge-
35 
coupled device (CCD) camera that offers high resolution (~0.01Å) and fast 
scanning capabilities. 
 
Fig. 2.6 Main assemblies of the Renishaw micro-PL measurement system 
Figure 2.7 shows the PL spectra of an N-polar GaN sample grown on an 
on-axis sapphire substrate. From the spectral profile of the emitted PL signal, a 
number of important information regarding the material can be revealed, 
including: 
(1) Bandgap gap information: The bandgap (𝐸𝑔 ; in the unit of eV) of the 
semiconductor can be derived from the peak wavelength (𝜆𝑝; in the unit of 
μm) of the near band edge emission, according to 𝐸𝑔 = 1.243/𝜆𝑝 . In 
addition, strain information can be qualitatively obtained by comparing the 
calculated bandgap energy with the bandgap 𝐸𝑔0 of a strain-free material, 
i.e., 𝐸𝑔 > 𝐸𝑔0 for compressive strain and 𝐸𝑔 < 𝐸𝑔0 for tensile strain. For 
example, from the PL spectrum of Fig. 2.7, the calculated bandgap energy 
of the N-polar GaN sample is 3.452 eV, which is larger than the ideal value 
(i.e., 3.43 at 300 K), revealing a compressive strain in the GaN epilayer. 
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Moreover, for ternary or quaternary semiconductors, from the calculated 
bandgap, elemental composition can be derived [62]. 
(2) Impurity levels and defect detection: Impurities or defects in 
semiconductors usually create shallow or deep energy levels in the bandgap, 
which can contribute broad PL signal beside the near band edge emission 
peak. In Fig. 2.7, the broad luminescence in the range of 475–700 nm has 
usually been attributed to the recombination between shallow donor 
(oxygen or Ga vacancy) levels to deep acceptor (carbon) levels [63], [64]. 
At low temperatures (e.g., 4 k), the PL spectrum often reveals sharp spectral 
peaks associated with impurities or defects. The energy and intensity of 
these peaks can help identify the types of impurities and the relative 
impurity concentrations. 
 
Fig. 2.7 PL spectrum of an N-polar GaN layer grown on nominal on-axis c-
plane sapphire substrate using a low V/III ratio of 355. 
2.3 High resolution X-ray diffractometer 
HRXRD is a powerful tool used for identifying the crystallographic 
structure of a material, because the X-ray wavelength 𝜆  (~1.5406Å) is 
comparable with the distance (𝑑) of adjacent atomic planes. When an X-ray 
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beam is stroke on a single crystal at an incident angle 𝜃 with respect to the 
atomic plane, it is scattered by the electron cloud surrounding each atom in the 
crystal. Constructive interference occurs when the incident angle satisfies 
Bragg’s diffraction law: 
 𝑛𝑑𝜆 = 2𝑑𝑠𝑖𝑛𝜃, Eq. (2-6) 
where 𝑛𝑑 is an integer. For diffraction from crystallographic planes, 𝑛𝑑 = 1 is 
most conveniently considered because of the strongest intensity than other oders. 
 
Fig. 2.8 Illustration of the geometry of X-ray diffraction. The collimated and 
monochromated X-ray beam strikes on the sample surface at angle ω. The 
diffracted beam is deflected to the detector at an angle of 2θ with respect to the 
incident beam. The goniometer controls the sample rotation about the ω, χ, and 
ψ axes, in which the ψ axis is the stage normal and the χ axis is the line of the 
X-ray beam projection on the stage. 
An HRXRD system (PANalytical X-per Pro-MRD, The Netherland) 
was used to study the crystallinity of the III-nitride samples in this thesis. The 
HRXRD system generally consists of an X-ray beam generator, a goniometer, 
and an X-ray detector (see Fig. 2.8). In addition, a symmetric 4×Ge(220) 
monochromator is usually placed in front of the X-ray source to provide a 
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monochromatic and collimated X-ray beam. The X-ray beam strikes on the 
sample at an angle of 𝜔 with respect to the sample surface. The goniometer 
controls the sample rotation about the 𝜔, 𝜒, and 𝜓 axes and provides a high 
angular resolution (up to 0.0001°) capability around the 𝜔 axis. The diffracted 
signal from the sample is collected and by a collector. An additional crystal 
analyzer is usually set before the collector for high resolution (0.0001°) 
applications. 
The HRXRD provides various measurement capabilities according to 
the types of scans. The most common scan types include: 
(1)  𝜔-scans, also known as rocking curve scans, in which the diffraction angle 
2𝜃  is fixed while scanning the incident angle 𝜔 . Threading dislocation 
density 𝑁𝐷 can be calculated by measuring the diffraction peak broadening 







, Eq. (2-7) 
where 𝑓  is the broadening in radians of the monochromator [𝑓 ≪ 𝐹  by 
using 4 bounce Ge(220) monochromator], and 𝑏 is the magnitude of the 
Burgers vector [51]. 
(2) 𝜔 − 2𝜃 scans, in which the detector is rotated two times faster than the 
sample stage rotation. It can be used to determine the lattice parameters and 
material strain. 
(3) Reciprocal spacing mapping (RSM), in which a series of 𝜔 − 2𝜃 scans are 
performed at successive 𝜔 values. This results of this type of scan carry a 
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comprehensive structural information about the sample, such as interplanar 
spacings, strain, mosaic tilt and twist.  
2.4 Imaging tools 
SEM uses a beam of high-energy electrons focused on the surface of 
solid specimens to generate a variety of signals from the electron-sample 
interactions. These signals include secondary electrons, backscattered electrons, 
diffracted backscattered electrons, photons (X-rays), visible light (cathode-
luminescence) and heat. Secondary electrons are used for morphology and 
topography analysis, backscattered electrons are used for composition analysis 
in multiphase samples, diffracted backscattered electrons are used to determine 
crystal structures and orientations, and X-rays are valuable for element 
identification (EDX). Secondary electrons are most commonly used for imaging 
samples. 
An Inspect F50 SEM system was used for imaging samples in the 
research. It is operated under high vacuum and it is capable of high resolution 
(3nm at 1 kV) imaging. The system is equipped with a thermoelectrically cooled 
EDX detector, enabling fast and convenient accessibility to element analysis on 
the specimen. Figure 2.9(a) illustrates the SEM system (Inspect F50, USA) 
located in the lab of Singapore-MIT Alliance for Research and Technology. 
Figure 2.9(b) shows the SEM image of an N-polar GaN sample grown on 
nominal on-axis 𝑐-plane sapphire. 
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Fig. 2.9 (a) The Inspect F50 scanning electron microscope (SEM) system 
located in the lab of Singapore-MIT Alliance for Research and Technology 
(SMART). (b) The top-view SEM image of an N-polar GaN film grown on a 
nominally on-axis c-plane sapphire substrate. 
AFM was also performed to analyze the surface morphology and 
roughness of N-polar III-nitride samples. An Asylum Research MFP-3D AFM 
system was used for the AFM measurements. During the measurement, a silicon 
AFM cantilever tip (Multi75-G) scans the sample surface line by line. The 
deflection of the tip is detected by a laser beam focused on the edge of the 
cantilever. The reflected laser beam is recorded by a photodiode array, and the 
topographic information is interpreted by the relative position on the photodiode 
array. The AFM images contain quantitative height data across the scan area 
which is very useful for analyzing surface roughness. Such information cannot 
be obtained from SEM. 
2.5 KOH wet etching 
Potassium hydroxide (KOH) wet etching is a method for characterizing 
the polarity of GaN films. It is fast and effective compared to other polarity 
characterization techniques, such as the convergence beam of electron 
diffraction, coaxial impact collision ion scattering spectroscopy and 
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piezoelectric force microscopy [65]–[68]. For Ga-polar GaN films, its surface 
is found to be very resistant to hot KOH solution, while the surface of N-polar 
GaN films can be easily attacked by KOH solution. By observing the surface 
morphology evolution before and after etching, the polarity (Ga-polar or N-
polar) can be easily distinguished. Figures 2.10(a) and 2.10(b) show the surfaces 
of as-grown and etched N-polar GaN films in 6M KOH solution at 80 ℃ for 20 
minutes (this condition was used for the polarity determination for all the III-
nitride samples in this thesis). Densely distributed hillocks are exhibited on the 
etched surface, evidencing the N-polarity. 
 
Fig. 2.10 Surface morphologies of N-polar GaN before (a) and after (b) etching 
in 6M KOH solution at 80℃ for 20 min. 
The mechanism of such polarity selective etching was explained by Li 
et al. [69], who studied the change of surface chemistries before and after 
etching in KOH solutions for Ga- and N-polar GaN using X-ray photoelectron 
spectroscopy.  They found that the different etching characteristics of Ga- and 
N-polar GaN are due to their different surface bonding. Figure 2.11 illustrates 
the schematics of the etching mechanism for N-polar GaN surface. The N-polar 
GaN surface are presented with positive polarization charges, which are 
electrically attractive to hydroxide ions (OH-). The OH- ions then react with Ga 
atoms and form gallium oxides: 
(a) (b) 
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 2𝐺𝑎𝑁 + 3𝐻2𝑂
𝐾𝑂𝐻
→  𝐺𝑎2𝑂3 + 2𝑁𝐻3 Eq. (2-8)  
The gallium oxide is then dissolved in KOH solution, and the oxidation 
of GaN surface repeats. In contrast, for Ga-polar GaN films, surface oxidation 
in KOH solution is relatively difficult as the negative polarization charges on 
the surface repulse the OH- ions. 
 
Fig. 2.11 Schematic diagrams of the cross sectional GaN film viewed along 
the[1120]  direction for −c GaN to explain the mechanism of the selective 
etching. (a) Nitrogen terminated layer with one negatively charged dangling 
bond on each nitrogen atom; (b) adsorption of hydroxide ions; and (c) formation 
and dissolve of oxides. Figure adopted from Ref. [69], [70]. 
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Chapter 3 Polarity control in GaN epitaxy 
3.1 Introduction 
III-nitride films are usually grown on foreign substrates, i.e., sapphire, 
SiC and Si, by various growth techniques, such as MOCVD, molecular beam 
epitaxy (MBE), hydride vapor phase epitaxy (HVPE) and pulsed laser 
deposition (PLD). Dominant III-nitride devices are fabricated on polar planes, 
particularly on the (0001) plane. It has been found that a variety of material 
properties of III-nitride films are influenced significantly by the film polarity, 
i.e., N-polarity (–c) and metal-polarity (+c). For example, the surface of Ga-
polar GaN is usually smoother than the N-polar GaN in the MOCVD growth; 
Ga-polar GaN is more resistive to chemical etching (i.e., KOH) than N-polar 
GaN; and the impurity incorporation in Ga-polar films is usually less than that 
in N-polar films [56], [71]. Therefore, Ga-polar devices have been prevailed in 
the past decades. On the other hand, N-polar films offer many unique 
advantages that are not available for Ga-polar materials (see Chapter 1). These 
advantages are promising to boost device performances to a large extent. In 
recent decade, there is growing interest in developing N-polar devices. In view 
of the influences of polarity upon nitride device performances, the polarity 
control in the epitaxial growth is an important concern. 
In the MOCVD growth of GaN on c-plane sapphire substrates, the 
typical two-step growth method is usually employed [72]. The general 
procedure of the two-step growth consists of an initial substrate surface 
treatment, e.g., thermal annealing in a H2 ambient and/or a nitridation process 
in a NH3 gas ambient, a subsequent low-temperature (LT) GaN buffer growth, 
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followed by an annealing at high temperature, and finally a high-temperature 
(HT) GaN growth. The polarity of the GaN films grown through this procedure 
is found to be strictly dependent upon the specific growth conditions of each 
step, particularly the conditions of the initial substrate treatment and the LT-
GaN growth. Although the growth conditions of each step can be controlled 
independently, each step has an influence on the subsequent process. 
To grow Ga-polar thin films, the sapphire surface is usually annealed 
first in H2 ambient at high temperature, e.g., 1050°C, to remove possible 
contaminants and expose a clean surface. In the following two-step growth 
procedure, a stable Ga-polarity (without polarity inversion) can usually be 
obtained. However, the growth of N-polar GaN is relatively more complex and 
challenging than that in the Ga-polar growth process. It is well known that a 
nitridation of the substrate in NH3 and N2 mixture gases is necessary for N-polar 
GaN films [73]. It is believed that an N-polar AlN layer of several atomic layers 
thick is formed on the sapphire substrate after the nitridation process [74]. Such 
an AlN layer provides an N-polar template for subsequent growths. However 
the polarities of the upper layers are likely to be inverted from N-polar to mixed 
or Ga-polar, depending on the growth conditions of the LT-GaN buffer [75]. 
For example, an insertion of an AlN intermediate layer between the nitridated 
sapphire and the LT-GaN buffer could lead to Ga-polarity [76], which is due to 
a polarity inversion layer of rhombohedral AlxOyNz existed in the inserted AlN 
[77]. A high V/III ratio in the LT-GaN growth and a longer buffer annealing 
duration could maintain the N-polar nitridated sapphire surface whereas a low 
V/III ratio and a shorter buffer annealing time promote the growth of Ga-
polarity [78]. Such a polarity dependence on the V/III ratio has also been 
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observed in the growth of GaN layers on HT-AlN buffers [79]. Similar 
phenomena have been observed in the growth of GaN on GaAs (111) substrates 
[80]. Figure 3.1 clearly summarizes the effect of the growth conditions of each 
step on the polarity of the HT-GaN layer. Although the polarity dependence of 
GaN on the V/III ratio of the buffer layer growth has long been observed, its 
mechanism is still unclear and related studies are missing in literature. 
Understanding the physical origins behind this issue is of vital importance in 
the MOCVD growths of reliable N-polar III-nitride materials. 
 
Fig. 3.1 Flow chart showing the influence on the polarity of GaN in each growth 
step on a sapphire substrate. Image adopted from Ref. [78]. 
In the MOCVD process, it is known that ammonia has a low 
decomposition rate at the LT-buffer growth temperature (e.g., 500~600°C). 
Thus the growth of LT-GaN is limited by the supply of ammonia, and under 
very low V/III ratios, Ga-supply is always excess. The lower the V/III ratio, the 
more excess the Ga supply. In the extreme case where V/III=0, there is no NH3 
flow and only Ga atoms are deposited on the substrate. Therefore, to understand 
how the polarity is inverted by a low V/III ratio, it may be a reasonable approach 
to investigate first how a simple deposition of Ga atoms on the nitridated 
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sapphire influences the film polarity. In this chapter, the polarity inversion from 
N- to Ga-polarity by a preflow of different metal-organic sources immediately 
after the substrate nitridation process was studied (Section 3.2). In addition to 
the polarity, structural and luminescence properties of the HT-GaN films were 
also investigated. A two-monolayer model was employed to explain the 
mechanism of the polarity inversion by the metal adlayers and model was 
extended to explain the polarity inversion process by the low V/III ratio in the 
LT-GaN growth (Section 3.3). 
3.2 Polarity inversion by metal-source preflow 
3.2.1 Experiment method 
All GaN samples were grown on two inch-diameter size nominally on-
axis c-plane sapphire substrates in a MOCVD chamber. Metal sources used in 
this study includes trimethyl-gallium (TMGa), trimethyl-aluminum (TMIn), 
trimethyl-indium (TMIn) and bis(cyclopentadienyl)magnesium (Cp2Mg). The 
growth procedure follows the typical two-step method. The temperature and gas 
flow variation at each step is schematically shown in Fig. 3.2(a). The substrates 
were first thermally cleaned in H2 at 1020 C for 5 minutes and nitridated at 950 
C in a mixture of NH3 (3 slm) and N2 (5 slm) for 1 minute. This process is 
sufficient for a complete nitridation [73]. After that the temperature was ramped 
down to 560C. At this temperature, the NH3 was turned off and the metal 
source was flown for a certain duration t (this step, hereafter, is referred to as 
“preflow”). The gas flow sequence of the preflow step is illustrated in Fig. 
3.2(b). Subsequently a 20 nm thick LT-GaN buffer layer was grown. The V/III 
ratio was set to ~ 21337 for the growth of the LT-GaN. After the LT-GaN 
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growth, the temperature was ramped up to 1000 C and the buffer layer was 
annealed in a mixture of NH3 (5 slm) and H2 (5 slm) for 30 minutes. Finally, a 
1-μm-thick high-temperature (HT) GaN epilayer was grown at 1020 C. H2 and 
N2 were used as the carrier gases for the growth with TMGa and TMAl preflows 
and TMIn preflow, respectively. The chamber pressure was kept at 100 Torr 
throughout the entire growth. It is worth mentioning that the high V/III ratio and 
the 30 minutes long annealing in the LT-GaN growth were employed to ensure 
the N-polarity in the growth of GaN when there was no any group-III source 
preflow. Two sets of samples were designed in this work to study the polarity 
control in the GaN growth. First, to optimize the preflow duration we grew GaN 
with TMGa preflow for t = 0, 4, 7, 10, 30, and 60 s. Next, we compared the 
effects of TMGa, TMAl, TMIn and Cp2Mg preflows with the optimized t. All 
samples were immersed in a 6 M KOH hot solution (80°C) for 20 minutes to 
examine the polarity. 
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Fig. 3.2 (a) Schematic diagram of the temperature ramping and gas flow 
sequences at each step. (b) The gas flow sequence in the preflow step. Note that 
the flow rates of the group-III sources are the same, i.e., 23 μmol/min, while the 
flow rate of Cp2Mg is 1.5 μmol/min. 
3.2.2 Effect of TMGa preflow duration on polarity 
Figure 3.3 shows SEM images of the surface morphologies of the HT-
GaN before and after KOH etching. Without TMGa preflow (i.e., t = 0 s), the 
as-grown GaN surface exhibits sharp hexagonal pyramids which were 
completely removed by the KOH etching [see Figures 3.3(a) and 3.3(g)], 
indicating a pure N-polarity of the as-grown GaN. When t is increased to 4 s, 
the surface of the GaN changed from sharp pyramids to flat-top hexagons [see 
Fig. 3.3(b)]. After the KOH etching, Ga-polar GaN islands are seen on the 
surface [see Fig. 3.3(h)]. A further increase of t to 7 s led to irregular shaped 
hillocks [see Fig. 3.3(c)]. As a result, one sees in Fig. 3.3(i) that more Ga-polar 
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GaN islands remained on the surface after the KOH etching. For t =10 s, the 
surface of GaN became smoother and continuous Ga-polar islands were left 
after the KOH etching [see Figures 3.3(d) and 3.3(j)]. It is seen in Figures 3.3(e) 
and 3.3(f) that both the GaN films grown with t = 30 and 60 s exhibited mirror-
like surfaces. Likewise, these surfaces remained intact after the 20 min KOH 
etching at 80 C [see Figures 3.3(k) and 3.3 (l)]. These observations provide 
evidence for a complete polarity inversion of the GaN from N- to Ga-polarity 
when t  30 s. However, V-pits are clearly seen on the surface of the GaN with 
t = 60 s, which may suggest a degradation of the crystal quality. The Ga-polarity 
percentages, estimated from the Ga-polar islands area that remained after the 
KOH etching with respect to the initial surface area, are 0%, 2.8%, 3.9%, 66.8%, 
100%, and 100% for t = 0 s, 4 s, 7 s, 10 s 30 s, and 60 s, respectively. It is clearly 
seen that the Ga-polar GaN domains monotonically increase in area as a 
function of the TMGa preflow duration t. When t is increased from 0 to  30 s, 
the N-polar GaN is completely inverted to Ga-polar GaN. 
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Fig. 3.3 Plane-view SEM images of GaN films grown on nitridated sapphire 
substrates before [(a) ~ (f)] and after [(g) ~ (l)] KOH etching. The GaN films 
were grown with TMG preflow for t = 0 s (a), 4 s (b), 7 s (c), 10 s (d), 30 s (e), 
and 60 s (f). The chemical etching was carried out in 6 M KOH solution at 80 
C for 20 min. 
3.2.3 Effect of TMGa preflow duration on PL emissions 
The influence of TMGa preflow on the film polarity is also reflected in 
the RT PL emission of GaN, and the results are presented in Fig. 3.4. In general, 
all the spectra in Fig. 3.4 are dominated by a near band edge (NBE) emission 
peak of GaN at 360.5 nm without any apparent peak shift from sample to sample. 
However, a peak narrowing can be observed as the duration of TMGa preflow 
increases, which is shown in the insert of Fig. 3.4. Beside the dominant NBE 
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peak, one sees a relatively weak blue luminescence band (BL, 400 ~ 475 nm), 
particularly for the samples grown with t = 10, 30, and 60 s. A broad yellow 
luminescence band (YL, 475 ~ 700 nm) is also seen for all the samples. Figure 
3.5 plots the variations of the BL-to-NBE intensity ratio (IBL/INBE) as well as 
that of YL-to-NBE (IYL/INBE) as a function of the TMGa preflow duration. As 
we have shown above that the Ga-polar GaN domains increase in area with the 
duration of TMGa preflow, the evolutions in the PL emission intensity ratios 
manifest themselves as the increases in Ga-polar domain area in the film. It is 
also seen in Fig. 3.4 that both the linewidth of the NBE peak and the IYL/INBE 
ratio decrease, accompanied by an increase in the IBL/INBE ratio as t increases 
from 0 s to 30 s. However, for t > 30 s, both the linewidth of NBE and the 
IYL/INBE ratio turned to increase. This deviation could be a result of the 
degradation of crystal quality in terms of the increase in surface pits density 
caused by the increased TMGa preflow duration. 
Physically, the linewidth of NBE and the relative intensity of the BL and 
YL are closely related to the impurity incorporation in GaN. A broader NBE 
peak indicates a higher concentration of free carriers resulting from intrinsic 
donors or the incorporation of extrinsic donors [64]. The BL emissions originate 
from the transitions of free electrons to acceptor levels while the YL emissions 
are correlated to the electron transitions from shallow-donor levels to deep-
acceptor ones [81], [82]. It is known that oxygen impurities ON usually behave 
as shallow donors in GaN and such defects contribute to the high free carrier 
concentration [64]. On the other hand, both Ga vacancies VGa and carbon 




Fig. 3.4 PL spectra collected at room temperature from the GaN film samples 
grown with different TMGa preflow durations. A 325-nm laser was used as the 
excitation light source. The insert plots the linewidth variation of the NBE peaks 
as a function of the TMGa preflow duration. 
 
Fig. 3.5 PL emission intensity ratios of BL-to-NBE (IBL/INBE) and YL-to-NBE 
(IYL/INBE) as a function of the TMGa preflow duration. 
Furthermore, it has been reported that the incorporations of ON, VGa and 
CN impurities into GaN during epitaxy are polarity dependent: the incorporation 
of ON and VGa impurities is generally more while that of CN is less in N-polar 
GaN than those in Ga-polar GaN [56], [83]. This is indeed consistent with what 
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we have observed above. With the increase in t, the N-polar GaN domains were 
reduced in area, causing an increase in CN while decreasing in ON and VGa 
incorporations. As a consequence, the NBE linewidth is narrowed, the BL 
intensity is increased while the YL intensity is decreased. The slight increase in 
the BL intensity as compared to the significant decrease in the YL intensity 
indicates that the increase of CN is far less than the decrease of other impurities 
in the GaN films. It has to be noted that the increase in the IYL/INBE ratio for the 
sample with t = 60 s may suggest an increase of CN and/or VGa incorporation 
due to the longer TMGa preflow duration. 
3.2.4 Effect of TMGa preflow duration on structural quality 
Figure 3.6 shows the full-width at half-maximum (FWHM) of the XRD 
rocking curves measured for the (002) and (102) diffractions as a function of 
the TMGa preflow duration corresponding to the densities of screw- and edge-
type thread dislocations (TDs), respectively. It is clearly seen in Fig. 3.6 that as 
the TMGa preflow duration increases, i.e., the Ga-polarity percentage increases 
(see above sections), the edge-type TD decreases but the screw-type TD tends 
to increase in their densities. 
In the two-step MOCVD growth of GaN on on-axis c-plane sapphire 
substrates, the N- and Ga-polar HT-GaN have different growth modes after the 
annealing of the LT-GaN buffer. The growth of the Ga-polar HT-GaN starts 
with 3D islands, which is followed by islands coalescence and finally the growth 
transfers to a 2D mechanism [78], [84]. During these growth processes, the TD 
density can be reduced via dislocation bending and/or annihilation. In contrast, 
the growth of N-polar HT-GaN starts with a quasi-2D growth mechanism (the 
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islands coalesce much faster) [85]. Based on these experimental observations, 
we may draw a conclusion that the reduction of the edge-type TDs with the 
increase of TMGa preflow duration is due to the change in the GaN growth from 
being N- to Ga-polar dominant. The increase in the screw-type TD density, 
however, may suggest that there are other factors contributing to the broadening 
of the (002) peak. For example, an extended TMGa preflow duration would lead 
to a thicker Ga-layer, which is not stable and contributes to the increase of the 
screw-type TD, obscuring the growth mode effect [86]. 
 
Fig. 3.6 FWHMs of XRD (002) and (102) rocking curves recorded from the 
GaN film samples grown with different TMGa preflow durations. 
An interesting finding is the correlation between the variations of TDs 
and the defect bands spectral evolution. For t  30 s, the density variations of 
the screw- and edge-type TDs can be linked to the variations of the IBL/INBE and 
IYL/INBE ratios, respectively. This reveals that the BL emission is more sensitive 
to the screw-type TD while the YL emission is more sensitive to the edge-type 
TD, consistent with the results reported by Zhao et al. and Chai et al. [87], [88]. 
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3.2.5 Polarity inversion by TMAl, TMIn and Cp2Mg preflows 
We have shown above that with TMGa preflow for t = 30 s, the film 
polarity of GaN can be completely inverted from N- to Ga-polarity, and an 
extended TMGa preflow would result in the surface pits. To verify whether 
TMAl, TMIn and Cp2Mg preflows have the same or even better polarity 
inversion effect, growths of GaN with preflows of TMAl, TMIn and Cp2Mg for 
t = 30 s were further carried out. The growth conditions were exactly the same 
as those of TMGa preflow except that in the growth with TMIn preflow, N2, 
instead of H2, was used as the carrier gas during the TMIn preflow and the LT-
GaN growth. The SEM images, PL spectra and the XRD FWHMs [of both the 
(002) and (102) diffractions] of the HT-GaN films grown with different metal-
source preflows are shown in Figures 3.7, 3.9 and 3.9, respectively. It can be 
seen that all the as-grown samples with preflow exhibit smooth surfaces, 
indicating that complete Ga-polar GaN thin films are successfully achieved [see 
Figures 3.7(b)–(e)]. The growth with TMGa preflow gives the lowest screw-
type TD density while the sample grown with Cp2Mg preflow has the lowest 
edge-type TD density, lowest deep-level luminescence intensity among the Ga-
polar samples. Therefore, Cp2Mg preflow has the best polarity inversion effect 
in terms of the crystal quality and PL luminescence. It has to be noted that in 
the growth with TMIn preflow, if H2 is used as the carrier gas, polarity inversion 
would not take place within t  30 s, and much longer preflow duration is needed. 
It is now clear that the polarity of GaN grown on nitridated sapphire substrates 
can be inverted by introducing a proper duration of metal-source (TMAl, TMGa 
or TMIn) preflow. 
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Fig. 3.7 Plane-view SEM images of GaN films grown on nitridated sapphire 
substrates (a) without any preflow, (b) with TMGa preflow for 30 s, (c) with 
TMAl preflow for 30 s, (d) with TMIn preflow for 30 s and (e) with Cp2Mg 
preflow for 30s. 
 
Fig. 3.8 PL spectra of GaN samples of GaN films grown on nitridated sapphire 
substrates without any preflow, with TMGa preflow for 30 s, with TMAl 
preflow for 30 s, with TMIn preflow for 30 s and with Cp2Mg preflow for 30s. 
 
 
Fig. 3.9 FWHMs of (002) and (102) XRD rocking curves recorded from the 
GaN films grown with different group-III source preflows. 
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3.2.6 Mechanism of polarity inversion by metal-source preflow 
The experimental results revealed that the polarity of GaN grown on 
nitridated sapphire substrates can be inverted from N- to Ga-polarity by 
preflowing group-III source for a certain duration before the growth of the LT-
GaN buffer. The mechanism of such polarity inversion of GaN can be explained 
by a ‘two-monolayer’ model proposed by Lim et al. [67], [86]. For the sake of 
brevity, we have shown the two-monolayer model schematically in Fig. 3.10. 
The surface of the nitridated sapphire is generally N-terminated. With 
preflowing group-III source for a certain duration, two monolayers of group-III 
metal atoms can cover the nitridated surface and their positions follow a 
wurtzite structure. Since the binding energy of N-Ga, (N-Al, N-In) is stronger 
than that of Ga-Ga (Ga-Al, Ga-In, Ga-Mg), in the subsequent growth of LT-
GaN, N atoms prefer to sit right on top of the underneath metal atoms (Ga, Al, 
In or Mg) [89]. In this way, the polarity can be inverted from N- to Ga-polarity. 
To ensure a complete polarity inversion, the substrate surface must be fully 
covered by two monolayers of group-III atoms. This can be achieved by 
increasing the preflow duration. The mixing polarities in the samples with short 
preflow durations [see Figures 3.3(h) - 3.3(j)] were attributed to the formation 
of two-monolayer islands of metal atoms on the substrate. 
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Fig. 3.10 The schematic diagram of the two-monolayer model in GaN growth. 
3.3 Polarity inversion by V/III ratio 
From Section 3.2, it is learned that the deposition of metal layer on top 
of the nitridated sapphire surface could invert the surface polarity from N- to 
Ga-polarity. The deposition of metal layer can be equivalent to a deposition of 
a thin LT-GaN layer under an ultra-low V/III ratio where the amount of 
decomposed NH3 is scarce. Therefore, it is reasonable to suspect that similar 
metal accumulations with two-monolayer exist in the LT-GaN layers grown 
under low V/III ratios. To verify our speculation, in this section, a series of 
growths of GaN samples on LT-GaN buffers under different V/III ratios were 
performed, and X-ray photoelectron spectroscopy (XPS) was employed to 
examine the existence of metal accumulations in the LT-GaN layers. 
3.3.1 Experiment method 
A series of GaN samples were grown by MOCVD. The growth 
conditions and procedures are similar to those described in Section 3.2.1 [see 
Fig. 3.2(a)] except for the LT-GaN buffer growth. As illustrated in Fig. 3.11, 
after the surface nitridation, two LT-GaN buffer layers were grown. The first 
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LT-GaN layer, LT-GaN1, was grown for 20 seconds and the second LT-GaN 
layer, LT-GaN2, was grown for 90 seconds. The V/III ratio was set as a constant 
for LT-GaN2 with 10 slm NH3 and 20 sccm TMGa. The V/III ratio of LT-GaN1, 
r, was varied from sample to sample by changing the NH3 flow rate while 
keeping that of TMGa constant (see Fig. 3.11). The thicknesses of LT-GaN1 
and LT-GaN2 were estimated to be ~ 4 nm and 20 nm, respectively. Five 
samples were grown with r = 0, 355, 533, 711, 7112, respectively.  
 
Fig. 3.11 Schematic diagram showing the flow rates of NH3 and TMGa in the 
growth of the LT-GaN layers. The TMGa flow rate was fixed throughout the 
growth. The NH3 flow rate was fixed in the growth of LT-GaN2 but varied in 
the growth of LT-GaN1 from sample to sample. 
3.3.2 Mechanism of polarity inversion by low V/III ratio 
Figure 3.12 shows the top-view SEM images taken from the HT-GaN 
films before and after KOH etching. For r = 7112, the as-grown GaN surface 
[Fig. 3.12(a)] exhibits sharp hexagonal pyramids; they are completely removed 
by the KOH etching [see Fig. 3.12(f)], indicating a pure N-polarity of the as-
grown GaN. When r is decreased to 711, irregular hillocks emerged on the 
surface [see Fig. 3.12(b)], and they are turned into Ga-polar GaN islands after 
the KOH etching [see Fig. 3.12(g)]. As r is decreased to 533, the surface of GaN 
becomes smoother and exhibits layered structure which may be due to the 
different growth rates of the Ga- and N-polar GaN. As a result, continuous Ga-
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polar domains can be seen after the KOH etching [see Figures 3.1(c) and 3.1(h)], 
indicating dominant Ga-polar domains of the film. A further decrease of r to 
355 leads to an improved GaN surface with a low density of non-coalesced holes. 
The KOH etching result reveals that the hole areas are occupied by N-polar 
domains. In the case of r = 0, the surface of the as-grown HT-GaN is mirror-
like, which is intact after the 20-min KOH etching, indicating a pure Ga-polarity. 
It is interesting to notice that the surface evolution with respect to the V/III ratio 
resembles that with respect to the TMGa preflow duration in Section 3.2.2 (see 
Fig. 3.3). For r=0, the growth of LT-GaN1 layer is the same as a short duration 
of TMGa preflow, while for low V/III ratios of LT-GaN1, the resultant HT-GaN 
morphologies are similar to those in the case of short preflow durations, and the 
sample growth with r=7112 is similar to the sample grown without preflow in 
Section 3.2.1. Such a resemblance implies a similar mechanism in the polarity 
dependence on the metal-source preflow duration and on the V/III ratio. That is, 
Ga accumulations are likely to exist in the LT-GaN1 layers grown under low 
V/III ratios. 
 
Fig. 3.12 Top-view SEM images of the GaN films grown with different V/III 
ratios of the LT-GaN1 growth before [(a)-(e)] and after [(f)-(j)] KOH etching. 
The V/III ratio of the LT-GaN1 growth for the individual samples is 7112 (a), 
711 (b), 533 (c), 355 (d), and 0 (e). The chemical etching was carried out in a 6 
M KOH solution kept at 80 ℃ for 20 min. 
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To verify the above suspicion, XPS measurements were carried out for 
very thin LT-GaN films grown with various V/III ratios (r = 7112, 711, 533 and 
355) on nitridated sapphire substrates. The samples were prepared by 
intentionally stopping the growth right after finishing the LT-GaN1 layer in the 
growth procedure as described above. Monochromatic Al Kα (1486.6 eV) was 
used as the excitation source in the XPS measurements. All XPS spectra were 
calibrated to the C1s binding energy at 285.0 eV and Shirley’s background was 
subtracted when doing the spectral analysis (fitting). 
 
Fig. 3.13 XPS Ga3d core level spectra (hollow circles) collected from the LT-
GaN films grown with different V/III ratios. The solid curves are the 
deconvoluted Gaussian-Lorentzian peaks of Ga-N (red), Ga-O (blue), Ga-Ga 
(black) and N2s (pink) bonds. 
Figure 3.13 displays the XPS Ga3d core level spectra collected from the 
LT-GaN thin films grown with varied V/III ratios. Peak fittings, shown together 
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with the Ga3d core levels in Fig. 3.13, were carried out using convoluted 
Lorentzian-Gaussian profiles. As expected, when r decreases to ≤ 711, metallic 
Ga component is observed in the Ga3d core level spectra; its intensity 
monotonically increases with the decrease of V/III ratio. Therefore it is clear 
now that excess metallic Ga can be incorporated in the GaN film when a low 
V/III ratio is used in the growth by MOCVD. The reduced decomposition rate 
of NH3 at the low growth temperature, together with the decreased V/III ratio, 
leads to an oversaturation of Ga reactive species. Excess metallic Ga can thus 
accumulate and incorporate into the LT-GaN films. Such metal inclusion 
phenomena is more commonly observed in InN films that are usually grown at 
relatively low temperatures (500 ~ 600 C) by MOCVD [90].  
Therefore, it is reasonable to attribute the polarity inversion by low V/III 
ratios to the accumulation of excess Ga in the LT-GaN layers. The two-
monolayer model, which was previously employed to explain the polarity 
inversion by metal-source preflow, can be extended to explain such a polarity 
inversion process by a low V/III ratio. That is, in the LT-GaN growth under a 
high V/III ratio (N-rich) condition, metallic Ga accumulation is impossible, 
leading to the absence of Ga-polar domains; under an intermediate V/III ratio 
growth condition, the two-monolayer Ga structure is formed in discrete or 
locally continuous islands, resulting in a mixture of N- and Ga-polarity; under 
a ultra-low V/III ratio growth condition, the formed two-monolayer Ga structure 
can mostly cover the whole N-polar surface, thus Ga-polar domains are 
dominant in the film. 
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Based on the two-monolayer model, the possibility of polarity inversion 
from N- to Ga-polarity in the growth of LT-GaN should be determined by the 
stability of the two monolayers of group-III metal atoms and the N-metal bonds, 
which are correlated to other growth conditions. The growth temperature, on 
one hand, is one of the key factors. For example, at a high temperature (e.g., 
1000C), metal atoms migrate much faster than that at a low temperature of the 
buffer growth. This increased mobility of metal atoms at higher temperatures 
makes the formation of the two-monolayer metal atoms difficult that, in turn, 
makes the polarity inversion from N- to Ga-polarity impossible. In fact, we have 
tried to grow LT-GaN buffers at higher temperatures (e.g., 800°C) on nitridated 
sapphire substrates. However no polarity inversion from N- to Ga-polarity was 
observed. On the other hand, gas ambient can affect the polarity inversion 
during the growth via weakening the stability of the N-metal bonds. That is why 
in the case of TMIn preflows, only in N2 ambient rather than H2 ambient, 
polarity inversion is possible (Section 3.2.5). 
It has to be mentioned that the formation of the two-monolayer Ga 
structure could occur not only at the nitridated sapphire surface but also during 
the growth of the LT-GaN as long as the Ga supply is sufficiently excess. Thus, 
the polarity inversion from N- to Ga-polar could happen throughout the entire 
stage of the LT-GaN growth. However, after being inverted to Ga-polar, the 
polarity is not reversible because the formation of N-polarity on the Ga bilayer 
is kinetically unfavourable [67]. As a result, larger amount of Ga-polar domains 
can be formed in thicker LT-GaN films. This explains why Ga-polar HT-GaN 
films are more likely grown on thicker buffer layers and/or with reduced buffer 
annealing durations [75], [78]. 
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Therefore, for reliable growths of N-polar III-nitride films after the 
substrate nitridation process, it is of vital important to prevent accumulations of 
metals in the growth of LT-buffer. This requires: (1) ammonia source must be 
turned on prior to the flow of metal-organic source; (2) the buffer growth 
temperature should not be too low; (3) a high NH3 flow rate; (4) with H2 ambient 
gas instead of N2; (4) the buffer layer thickness not too thick; and (5) a buffer 
annealing of long duration in H2 and NH3. 
3.4 Summary 
In this chapter, we studied the polarity control in the MOCVD growth 
of GaN films on sapphire substrates, particularly the polarity inversions by 
preflows of metal-organic sources and by low V/III ratios. It was found that the 
N-polar nitridated sapphire surface can be converted to mixed- or Ga-polarity 
by a preflow of TMGa, TMAl, TMIn or Cp2Mg source immediately after the 
nitridation process and before the LT-GaN growth. We also found that the 
impurity incorporation and the edge- and screw-type TDs densities are polarity 
dependent, revealed by the variations of the BL and YL bands in the PL spectra 
and the FWHM variations of the (102) and (002) rocking curves, respectively. 
The polarity inversion from N- to Ga-polarity induced by the preflow of metal-
organic sources was attributed to the accumulation of two-monolayer metal 
atoms on the nitridated sapphire surface. 
The two-monolayer model was then extended to explain the mechanism 
of polarity inversion by low V/III ratios of LT-GaN growth. XPS analysis 
revealed the inclusion of metallic Ga in the LT-GaN films grown with low V/III 
ratios. The amount of metallic Ga inclusions was strongly correlated with the 
65 
polarity transition from N- to mixed- and further to Ga-polar with decrease in 
the V/III ratios. Therefore, the polarity inversion by the low V/III ratio of LT-
GaN growth was also attributed to the accumulation of two-monolayer metal 
atoms in the LT-buffers. These findings led to the conclusion that a reliable 
growth of N-polar III-nitride film requires a combination of growth procedures 
and conditions that can suppress the accumulation of metals in the LT-buffer 
layer.   
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Chapter 4 Growth and anisotropic properties of N-polar GaN 
epilayers on offcut sapphire 
4.1 Introduction 
In the MOCVD growth of N-polar GaN films on sapphire substrates, the 
substrate misorientation (offcut) is an essential factor that determines a number 
of crystal properties, such as surface morphology, impurity incorporation, 
structural quality, optical efficiency and electronic properties [52]. The N-polar 
GaN films grown on non-offcut (on-axis) sapphire substrates usually exhibit 
rough surfaces with a high density of hexagonal hillocks. However, hillock-free 
smooth N-polar GaN films can be achieved by using sapphire substrates with 
offcuts (e.g., 4°-offcut) [52]. Thus N-polar devices have only been fabricated 
on offcut substrates [32], [41], [50].  
Previous research mainly emphasizes on the positive impact of the 
substrate offcut on the surface morphologies of N-polar films, while ignoring 
its influences on material anisotropies. GaN epilayers grown on top of the offcut 
substrates usually exhibit surface steps/striations and even step bunches. These 
steps may degrade the interface sharpness that is of critical importance in 
MQWs and HEMT structures [91]. In addition, the surface steps may introduce 
additional in-plane material non-uniformities (anisotropies) that can affect the 
device characteristics, such as carrier mobility and resistivity [91]. 
Anisotropy is an intrinsic material property of wurtzite III-nitride 
crystals. These anisotropic properties include piezoelectricity and 
pyroelectricity along the c-axis, different effective electron/hole mass, thermal 
coefficients of expansion and polarized spontaneous luminescence parallel and 
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perpendicular to the c-axis [17], [92], [93]. These anisotropic properties have 
been commonly observed and intensively studied in non-polar and semi-polar 
GaN films [94]–[98], where remarkable variations of the growth rate, in-plane 
strain and thermal coefficient of expansion in the in-plane orthogonal directions 
have been found to exist [99], [100]. In contrast, for polar GaN epilayers grown 
on on-axis c-plane sapphire substrates, less attention has been paid to the 
anisotropic properties since the anisotropies are usually absent in the growth 
plane due to the six-fold in-plane rotation symmetry. However, the symmetry 
can be broken for GaN films grown on offcut c-plane sapphire substrates and, 
as a result, film properties in the GaN epilayers vary in different directions 
relative to the offcut direction. Such a phenomenon is usually ignored in Ga-
polar GaN films as well, where non-offcut substrates have already yielded good 
film properties. It must be taken into consideration in N-polar GaN films, 
however, because these films require offcut substrates to obtain a smooth film 
surface. 
In this chapter, we focus on the anisotropic material properties of GaN 
films induced by the substrate offcut. We first investigate the influences of 
substrate offcut angles on the surface morphologies of the initial nucleation 
layer and the HT-GaN layer. Then we study how these influences are associated 
with the material anisotropic properties. Three types of material anisotropies 
including structural, strain and optical anisotropies were observed in the N-polar 
GaN films on offcut substrates and their physical origins are investigated.  
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4.2 Growth of N-polar GaN on offcut sapphire substrates 
4.2.1 Experiment method 
Two inch-diameter size 𝑐-plane sapphire wafers with 0° (nominally on-
axis), 2°, and 4° offcut towards the sapphire 𝑎-plane were used as the substrates 
and were coloaded into the MOCVD chamber. The typical two-step growth 
process was employed in the growth of N-polar GaN films. First, the sapphire 
substrates were annealed in H2 ambient at 1050 ℃ for 5 minutes and then 
nitridated in a mixture of NH3 (1 slm) and N2 (1 slm) at 950 °C  for 2 minutes. 
Subsequently, a 10 nm-thick GaN nucleation layer was grown in an N2 ambient 
at 900°C. The is a higher nucleation temperature than that is conventionally 
used (500–600°C) (see Section 3.2.1), and was used to improve the smoothness 
of the nucleation layer [101]. The 1 μm-thick high-temperature (HT) GaN layer 
was grown at 1020 °C and 60 Torr vacuum using N2 the as carrier gas and H2 
as the ambient gas. The growth was interrupted during the nucleation and the 
HT-GaN growth to examine the surface morphologies of the nucleation layer 
and the HT-GaN layer at the initial growth stage on sapphire substrates with 
varied offcut angles. Atomic force microscopy (AFM; MFP-3D, Asylum 
Research, CA, USA) was employed to inspect the surface morphology. 
4.2.2 Effects of substrate offcuts on surface morphologies 
Figures 4.1(a)–4.1(c) show the surface morphologies of ~1.5 nm-thick 
GaN nucleation layers on the on-axis, 2°-offcut and 4°-offcut sapphire 
substrates, respectively. One sees that on the on-axis substrate [0A; Fig. 4.1(a)], 
the GaN islands are randomly distributed, while on the offcut substrates (2A 
and 4A), the GaN islands have triangular or quasi-triangular shapes which 
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preferentially arranged along the step edge direction, i.e., GaN ⟨1120⟩ 
[indicated by the white arrows in Figures 4.1(b) and 4.1(c)]. In addition, these 
islands seem to present a denser nucleation along the step edges than that along 
the orthogonal direction. Such a phenomenon is more clearly seen in the 
nucleation on the 2°-offcut substrate than that on the 4°-offcut surface. Similar 
nucleation morphologies were previously reported in the initial nucleation stage 
of GaN growth on offcut SiC substrates. In addition, the nucleation layer grown 
on the 4°-offcut substrate has a smoother surface morphology compared to that 
grown on the 2°-offcut substrate. 
 
Fig. 4.1 AFM height images of the surfaces of the ~1.5 nm-thick GaN 
nucleation layers on the (a) on-axis, (b) 2°-offcut and (c) 4°-offcut sapphire 
substrates. The white arrows in (b) and (c) indicate the GaN ⟨1120⟩ directions. 
It has been reported that the growth of N-polar GaN differs from that of 
Ga-polar GaN after the buffer layer growth [85]. The Ga-polar HT-GaN growth 
starts from a three-dimensional (3D) island growth mode and transit to a two-
dimensional (2D) growth mode after the islands coalesce. However, for the 
growth of N-polar HT-GaN after the nucleation, a quasi-2D growth mode 
immediately dominates the growth. This has been attributed to the faster lateral 
growth rate of N-polar material than that of the Ga-polar material [102]. Figure 
4.2 compares the surface morphologies of ~12 nm-thick HT-GaN layers on the 
buffer layers grown on 0°, 2° and 4° offcut sapphire substrates. On the on-axis 
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substrate, a spiral island is exhibited on the HT-GaN surface [see Fig. 4.2(a)]. 
This is attributed to the low surface diffusivity of adatoms on the non-offcut 
substrate [103], [104]. In contrast, the surfaces of the 12 nm-thick HT-GaN 
layers on 2° and 4° offcut substrates both show smooth surfaces with clear steps, 
but the surface of the 4° off-axis sample has wider step width than that on the 
2° off-axis sample. These observations imply that the steps on the offcut 
sapphire substrate surface can prevent spiral nucleation and promote step-flow 
growth, thus improve the surface morphology of N-polar GaN films. 
 
Fig. 4.2 AFM height images of the surfaces of ~12 nm-thick HT-GaN layers 
grown (a) on the on-axis, (b) 2°-offcut and (c)4°-offcut sapphire substrates. 
To examine the surface morphology difference on different offcut 
substrates and at different V/III ratios, four HT-GaN samples were prepared 
following the growth procedure described in Section 4.2.1. Samples A, B and 
C were grown on the on-axis, 2°-offcut and 4°-offcut sapphire substrates, 
respectively, under a high V/III ratio (1778). Sample D was grown on the 4°-
offcut sapphire substrate but under a low V/III ratio (178). Figures 4.3(a)–4.3(d) 
show the topographic AFM images of samples A-D, respectively. It is seen in 
Fig. 4.3(a) that sample A, grown on on-axis c-plane sapphire substrate, exhibits 
rough surface with large-size hexagonal pyramids, this is due to the spiral island 
growth [see Fig. 4.2(a)] as a result of the low surface mobility of adatoms on 
the non-offcut substrates. The density and size of the pyramids are largely 
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reduced on the surface of sample B [see Fig. 4.3(b)], and completely absent on 
the surface of sample C [see Fig. 4.3(c)], owing to the enhanced step-flow 
growth on the offcut substrates. Also seen is that the surface roughness (in root 
mean square) is reduced from 1.59 nm for sample C to 1.25 nm for sample D 
by employing a lower V/III ratio. This is due to the enhanced migration of 
surface adatoms under Ga-rich condition [52]. In addition, striations along the 
GaN [1120] direction are clearly seen on sample B and even on the smoother 
samples C and D. These observations are consistent with the results reported 
earlier [52]. 
 
Fig. 4.3 Topographic AFM images of GaN thin film.  Samples A, B and C are 
grown on sapphire substrates that are (a) on-axis, and substrates that feature a 
(b) 2°-offcut and (c) 4°-offcut under a high V/III ratio (1778). (d) Sample D is 
grown on 4°-offcut sapphire substrate under a low V/III ratio (178). The white 
arrows indicate the GaN [1120] and [1100] directions. Surface striations are 
seen along the [1120] directions. 
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4.3 Anisotropic Properties of N-polar GaN on offcut substrates 
In this section, structural, strain and optical anisotropies were observed 
in the N-polar GaN samples [samples A, B, C and D (see in Section 4.2.2)] on 
offcut substrates, their dependences on the offcut angle and V/III ratio were 
investigated, and the physical origins of these anisotropies were explained.  
4.3.1 Structural anisotropy 
The structural anisotropy was studied by measuring the rocking curve 
widths of GaN (0002) at different azimuths using a point-focused high-
resolution X-ray (Cu Kα1) diffractometer (HRXRD; PANalytical X-pert Pro-
MRD, The Netherlands) equipped with a four-bounce symmetric Ge (220) 
monochromator. The rocking curves (RCs) were collected with an open detector 
in a double-axis configuration. Prior to HRXRD characterization, the GaN 
samples were carefully aligned so that the substrate offcut direction was 
perpendicular to the incident beam of the X-ray (i.e., 𝛷 = 0° ∥ GaN[1120]), 
which is schematically shown in the inset of Fig. 4.4. It should be noted that 
GaN[1100] ∥ sapphire[1120] owing to the 30° in-plane rotation between GaN 
and c-sapphire [57]. Subsequently the full-width at half-maximum (FWHM) of 
the RCs of GaN (0002) was recorded while step-rotating the samples about 
their surface normal from  = 0° to 360° with a step size of 15. Figure 4.4 plots 
the variations of the RC widths (FWHMs) as a function of Φ for samples A-D. 
One can see that the RC widths for GaN grown on offcut substrates are smaller 
than those for GaN on the on-axis substrate, indicating structural improvements 
in the GaN grown on offcut substrates. More importantly, double-peaked (i.e., 
M-shaped) RC width plots are observed in the off-axis samples B, C and D, 
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with the width minima and maxima located at azimuth positions perpendicular 
and parallel to the offcut direction, respectively. This is visibly different from 
the constant RC width values seen in the on-axis sample A. In other words, 
structural anisotropy was generated in the N-polar GaN films grown on offcut 
sapphire substrates. 
 
Fig. 4.4  Plots of the FWHM of GaN (0002) rocking curves versus azimuthal 
angle (Φ) for samples A–D. The inset shows a schematic illustration of the 
sample alignment, where the offcut direction is perpendicular to the incident 
beam of the X-ray (Φ=0° ∥ GaN [1120]). 
It is well known that GaN films grown on foreign substrates usually 
suffer from a high density of dislocations which are often described by the 
planar and vertical misorientations (twist and tilt) and limited size (lateral and 
vertical coherence lengths) of microscopic crystallites based on the mosaic 
block model (See Fig. 4.5) [105]. The rocking curve widths of symmetric scans 
are found to be broadened by the mosaic tilt and the lateral coherence length 
(LCL) [94]. The two factors have different dependencies upon the diffraction 
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order, however, which enables separation of their individual contributions to the 
RC width by interpreting Williamson-Hall plots (WHPs). The WHP shows the 
RC width (β) in reciprocal lattice units (βsinθ/λ), as a function of the diffraction 
order sinθ/λ, where θ and λ are the incident angle and wavelength of the X-ray, 
respectively. The mosaic tilt (in units of degree) and LCL can be extracted from 
the slope (in units of rad) of the linear dependence and the inverse of the 
intercept with the ordinate, respectively [105].  
 
Fig. 4.5 Schematic illustration of tilt and twist in the mosaic block model 
 
Fig. 4.6 Linear fitting for Williamson-Hall plots rocking curves (RCs) widths 
from GaN (0002), (0004) and (0006) for samples (a) A, (b) B, (c) C and (d)  
D.  The slope of the fit measures the mosaic tilt while the intercept measures the 
lateral coherence length (LCL). (e) Plot of mosaic tilt and LCL values for each 
sample at the azimuths perpendicular (Φ = 0°) and parallel (Φ = 90°) to the 
offcut direction. 
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Figures 4.6(a)–4.6(d) show the linear-fitting of the WHPs of the GaN 
(0002) , (0004)  and (0006)  RC widths for samples A-D, respectively, at 
azimuth positions perpendicular (Φ=0°) and parallel (Φ=90°) to the offcut 
direction. The variations of mosaic tilt and LCL can be derived from the linear 
fittings of samples A-D and are summarized in Fig. 4.6(e). It can be seen that 
the on-axis sample A has mosaic tilt and LCL values that are almost identical 
when measured in the two orthogonal directions, whereas all of the off-axis 
samples B, C and D exhibit larger mosaic tilts and longer LCLs in the offcut 
direction than those in the orthogonal directions. Furthermore, the variation of 
the mosaic tilt anisotropy matches well with that of the RC width anisotropy for 
samples A-D. This observation implies that a dominant contribution to the RC 
width anisotropy is from the mosaic tilt rather than from the LCL. It should be 
noted that a long integration time (e.g., 5 s) and a small step size (e.g., 0.01°) 
were used during the data collection to minimize the RC-width errors. 
Physically, mosaic tilt/twist occurs with the coalescence of adjacent 
misoriented islands during the initial nucleation stage in the typical two-step 
growth process. The extent of the mosaic tilt/twist has been found to be affected 
by the coalescence duration, whereby the earlier in the process the island 
coalesces, the less the extent of mosaic tilt/twist [106], [107]. In Section 4.2.2, 
it was observed that the nucleation islands of GaN on the offcut sapphire 
substrates exhibited denser nucleation islands preferentially arranged along the 
step edges [see Figures 4.1(b) and 4.1(c)] than along the orthogonal direction. 
Such a difference may lead to earlier island coalescence along the step edge 
direction. Fig. 4.2 clearly shows the surface morphologies of 12-nm thick 
coalesced HT-GaN layers on on-axis, 2°- and 4°-offcut sapphire substrates. 
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Obvious preferential coalescence along the step edge is seen on the offcut 
substrate. Therefore there is less tilt/twist along the step edge direction than that 
along the offcut direction [106]–[108]. This is consistent with the findings in 
the WHP plots, where large mosaic tilts are found in the offcut direction. 
Moreover, the mosaic tilt along the offcut direction tends to increase, 
particularly when the island size exceeds the width of the step terraces of 
substrate surface [109]. As a result, there are more screw dislocations along the 
offcut direction than along the orthogonal direction. In contrast, on the on-axis 
substrate, islands are distributed randomly at the initial stage and there is no 
such preferential coalescence in one direction or another [see Fig. 4.1(a)]. 
Therefore, the RC width is larger along the offcut direction than along the 
orthogonal direction in the N-polar GaN films grown on offcut sapphire 
substrates.  
It is noted that the magnitude of the RC width anisotropy, as quantified 
by the difference between the maximum and minimum FWHMs, decreases with 
increasing offcut angle, but is marginally affected by increasing V/III ratio. As 
the degree of substrate offcut degree increases, the surface step density increases. 
This can enhance step-flow growth [see the increasing surface smoothness in 
Figures 4.3(b) and 4.3(c)] and lead to a faster atomic incorporation at the step 
edges and thus increase the rate of coalescence along the offcut direction [106]. 
This reduces the coalescence rate discrepancy in the two orthogonal directions 
and, as a result, the RC width anisotropy in the 4°-offcut samples is decreased 
compared to that in the 2°-offcut sample B. On the other hand, a decrease in the 
V/III ratio can increase adatom surface mobility [see the increasing surface 
smoothness in Fig. 4.3(d)], and promote coalescence along the offcut direction 
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and thus decrease the anisotropy. However, this effect is less prominent 
compared to that of offcut. 
4.3.2 Strain anisotropy 
In-plane and out-of-plane strains of the GaN epilayers were also 
evaluated using HRXRD by measuring the in-plane (a) and out-of-plane (c) 
lattice parameters. First, the lattice parameter c was determined from the 
diffraction peaks of the 2θ-ω scans of GaN (0002), (0004) and (0006) at 
Φ=0°, 90°, 180° and 270°. The lattice parameter a was then determined from 
the diffraction peaks of the skew-symmetric 2θ-ω scans of GaN (1122) at all 
six symmetric azimuths (i.e., Φ=0°, 60°, 120°, 180°, 240° and 300°). The peak 
positions (2θp) of GaN (112̅2), for samples A-D are plotted against  in Fig. 
4.7(a). One can see that the on-axis sample A has 2θp values that are nearly 
constant over the six azimuthal angles, whereas the off-axis samples B, C and 
D exhibit smaller 2θp values at Φ = 0° and 180° and larger 2θp values at other 
the four azimuthal positions. Such a Φ dependent 2θp value implies an 
anisotropic a lattice parameter in the off-axis samples. By applying the standard 
formula [110] (see Appendix A.1), we derived the lattice parameters c and a of 
the individual samples and plotted against the sample number in Fig. 4.7(b). It 
can clearly be seen that a is relatively larger at azimuthal directions Φ=0° and 
180° (i.e., perpendicular to the offcut direction) than those at the other azimuthal 
directions for the off-axis samples, indicating a distortion of the hexagonal 
symmetry [see the inset of Fig. 4.7(a)] and therefore an anisotropy in the in-
plane strain. Using c0=5.1864 Å and a0=3.189 Å as the strain-free lattice 
parameters [18], the out-of-plane strain (ϵc) and in-plane strains (ϵa) of samples 
78 
A-D were evaluated (see Appendix A.1) and are plotted against the sample 
number in Fig. 4.7(c). This plot clearly shows that the on-axis sample A 
undergoes a strong tensile out-of-plane strain and a slight compressive in-plane 
strain, while the opposite case is true for the off-axis samples B and C, where 
compressive out-of-plane strain and tensile in-plane strain are found. A 
comparison between samples B and C shows that both the out-of-plane and in-
plane strains are partially relaxed on sapphire substrates with larger offcut, and 
they are almost fully relaxed in sample D grown at a low V/III ratio. This 
implies that a larger substrate offcut and a lower V/III ratio can facilitate more 
strain relaxation. In addition, all of the off-axis samples undergo more tensile 
strain in a direction perpendicular to the offcut axis than that in a parallel 
direction. The degree of the anisotropy (i.e., the difference between the 
maximum and minimum strains) increases with the substrate offcut and is 
marginally affected by the V/III ratio.  
On the on-axis substrate, the strain in the GaN epilayer was mainly 
relaxed via threading dislocations generated when adjacent misoriented islands 
coalesced. Such a strain relaxation is usually plastic as evidenced by the large 
deviation between the RB (= 𝜖𝑐/𝜖𝑎) of sample A (𝑅𝐴
𝐵 = −4.25) and the ideal 
biaxial elastic relaxation value (𝑅0
𝐵 = −0.53) [111], On offcut substrates, the 
growth of GaN epilayers was dominated by the step-flow growth mode, and less 
threading dislocations were generated [107], The RB values of these off-axis 
samples are very close to those of the ideal value [i.e., 𝑅𝐵
𝐵 (Φ=0°) = –0.6, 𝑅𝐶
𝐵 
(Φ=0°) = –0.56 and,  𝑅𝐷
𝐵 (Φ=0°) = –0.54], indicating that additional relaxation 
mechanisms have been involved.  
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Fig. 4.7 (a) Peak positions of GaN (1122) 2θ-ω scans with X-ray incident along 
the six [112̅0] azimuths. (b) Plots of variations of the average lattice parameter 
c and the anisotropic lattice parameter a for samples A–D. (c) Plots of variations 
of the average out-of-plane strain tensors and the anisotropic in-plane strain 
tensors for samples A–D. The inset illustrates the in-plane distortion of the 
hexagonal symmetry in samples B–D. The dashed lines in (b) indicate the strain-
free lattice parameters c and a of the GaN crystal and that in (c) indicates the 
zero-strain.  
In the GaN epitaxy on a foreign substrate, owing to the in-plane lattice 
mismatch between the epilayer and the substrate, misfit dislocations (MDs) play 
an important role in strain relaxation [112]. On offcut substrates, there is a high 
density of surfact steps. At the step edges, stacking faults are usually generated 
due to the vertical lattice mismatch between the epilayer and the substrate. In 
consequence, to correct the stacking faults, MDs are more likely to be produced 
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at the step edges than that at the terrace. Therefore, the density of MDs is 
determined by the density of surface steps, and along the offcut-axis, i.e., 
[1100] (Φ=90°), there is a higher density of MDs than that in the orthogonal 
direction, i.e., [1120] (Φ=0°). As a result, more strain is relaxed by the higher 
density of MDs in the offcut direction.  This may explain the anisotropic in-
plane strain that exhibits smaller strains along the offcut direction than those in 
the orthogonal direction in the off-axis samples. This reasoning is in agreement 
with the findings by other groups. For example, Huang et al. have reported that 
60° unpaired geometrical partial misfit dislocations (GPMDs) could be formed 
along the step edges of the AlN/6H-SiC interface to correct for the mismatched 
stacking sequences at the vicinal 2H/6H interface [113]. Because the MD 
density is predetermined by the offcut angle, a larger substrate offcut can lead 
to a higher MD density at the GaN/sapphire interface and thus an increasing 
discrepancy in the amount of strain relaxations along the two orthogonal 
directions from sample A to D, irrespective of the V/III ratio (see Fig. 4.10). It 
is interesting to note that the magnitudes of structural and strain anisotropies 
have an opposite dependence upon the substrate offcut, implying that the origins 
for the two anisotropies have independent effects upon the lattice structure and 
strain. 
4.3.3 Optical anisotropy 
The optical properties of GaN are usually affected by the strain in the 
epilayer. Therefore a strain anisotropy the GaN films could result in an optical 
anisotropy (polarization). In this section, the optical polarization properties of 
samples A–D were investigated. The polarization dependent 
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photoluminescence (PL) spectra were collected at room-temperature with a 105 
mW He-Cd laser (325 nm) as the excitation source. A polarizer was used to pick 
up the light polarization of the emitted light, and a depolarizer (quartz wedge 
type depolarizer with antireflection coating working in the range from 300 ~ 
800 nm) was installed behind the polarizer to remove the polarization effect on 
the monochromator sensitivity. Before the PL measurement, the sample was 
aligned such that the substrate offcut axis is parallel to the polarization angle 
Ψ = 90° as illustrated in Fig. 4.8. The coordinate system in Fig. 4.8 is chosen 
as 𝑥 ∥ GaN[1100], 𝑦 ∥ GaN[1120], and 𝑧 ∥ GaN[0001]. 
 
Fig. 4.8 Schematic illustration of the polarization dependent photoluminescence 
measurement setup. Note that the sample offcut axis (GaN [1100]) is aligned 
with Ψ = 90°. 
Figure 4.9 plots the room-temperature PL spectra of samples A–D 
measured at polarization angles of 0° (𝑥-aixs) and 90° (𝑦-axis). For the on-axis 
sample A, the PL peak intensity measured at Ψ = 90° is slightly weaker than 
that measured at 0° (𝐼𝑦
𝑝 < 𝐼𝑥
𝑝
). In contrast, for the off-axis samples, the PL peak 




), implying a partially 𝑦-polarized luminescence. In addition, the peak 
82 
energies of the PL spectra are blueshifted while rotating the polarization angle 
from Ψ = 90° to Ψ = 0°. 
 
 
Fig. 4.9 (a)-(d) Room temperature PL spectra of samples A–D, respectively, 
measured at the polarization angles of 0° and 90°. The dashed straight lines 
indicate the peak energies for the PL spectra measured at Ψ = 90° and 0°. 
We then define the degree of polarization as 𝜌𝑝 = (𝐼𝑦 − 𝐼𝑥) (𝐼𝑦 + 𝐼𝑥)⁄ , 
where 𝐼𝑥 and 𝐼𝑦 are the integrated intensities of the PL spectra measured at the 
polarization angles parallel to the 𝑥- and 𝑦-axes, respectively. The in-plane 
strain anisotropy is defined as 𝜌𝑠 = 𝜖𝑥𝑥 − 𝜖𝑦𝑦, where 𝜖𝑥𝑥 and 𝜖𝑦𝑦 are the in-
plane strains in the 𝑥- and 𝑦-axes, respectively (see Section 4.3.2). The values 
of 𝜌𝑠 and 𝜌𝑝 of samples A–D are plotted in Fig. 4.10. One sees that the in-plane 
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anisotropy 𝜌𝑠 increases with increasing substrate offcut angle from sample A to 
sample C, and drops slightly from sample C to sample D. Interestingly, the 
variation of the degree of polarization 𝜌𝑝 generally follows the same trend as in 
the 𝜌𝑠. These observations reveal the GaN samples grown on offcut sapphire 
substrates exhibit polarized light emission and the degree of polarization 
increases as the in-plane strain anisotropy increases, while such an optical 
anisotropy is negligibly small for the sample grown on a nominally on-axis 
sapphire substrate. 
 
Fig. 4.10 The values of the in-plane strain anisotropy ϵxx-ϵyy (black squares) and 
the degree of polarization (red circles) of samples A–D. 
The phenomenon of the polarized light emission from III-nitride 
epilayers have been reported previously, mostly on non-polar and semipolar III-
nitride epilayers [114]–[118]. Such an optical anisotropy has been attributed to 
the modified electronic band structure due to the presence of anisotropic strains 
along the a- and c-axis in the non-polar and semi-polar films. Physically, in the 
electronic band structure of wurtzite GaN crystals, there are three degenerated 
valence subbands at the Brillouin-zone center, namely, a heavy-hole (HH), a 
light-hole (LH), and a spin-orbit crystal-field splitting hole (SCH) [119]. The 
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transitions between the conduction band (CB) and the three valence subbands 
(i.e., CB-HH, CB-LH, and CB-SCH) have different polarization states and 
transition energies, which are dependent upon the strain in the crystals [120]. 
Based on the 6×6 k⋅p Hamiltonian approach, these strain dependent properties 
can be numerically calculated [121]. At the Γ point (k = 0), the valence band 
(VB) Hamiltonian can be diagonalized as 




𝐿 ), Eq. (4-1) 
and the 3×3 upper Hamiltonian is expresses as 





], Eq. (4-2) 
where 
 
𝐹0 = Δ1 + Δ2 + 𝜆𝜖 + 𝜃𝜖, 
𝐺0 = Δ1 − Δ2 + 𝜆𝜖 + 𝜃𝜖, 
𝜆𝜖 = 𝐷1𝜖𝑧𝑧 + 𝐷2(𝜖𝑥𝑥 + 𝜖𝑦𝑦), 
𝜃𝜖 = 𝐷3𝜖𝑧𝑧 + 𝐷4(𝜖𝑥𝑥 + 𝜖𝑦𝑦), 
𝐾0 = 𝐷5(𝜖𝑥𝑥 − 𝜖𝑦𝑦), 
Δ = √2Δ3. 
Eq. (4-3) 
Here Δ1 is the crystal-field splitting energy parameter while Δ2 and Δ3 
(= Δ2) are the spin-orbit (SO) splitting energy parameters. 𝜖𝑥𝑥, 𝜖𝑦𝑦 and 𝜖𝑧𝑧 are 
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the strain components along the 𝑥-axis (∥GaN[1120]), 𝑦-axis (∥GaN[1100]), 
and 𝑧-axis (∥GaN[0001]) directions, respectively. 𝐷𝑖’s (𝑖 = 1 − 5) are the VB 
deformation potential parameters. The lower Hamiltonian 𝐻𝐿  is a complex 
conjugate of 𝐻𝑈, and therefore its eigenvalues are the same as that of 𝐻𝑈, and 
its eigenfunctions are complex conjugates of the corresponding eigenfuctions 
of 𝐻𝑈. 
The transition energies of CB-HH (𝐸1), CB-LH (𝐸2) and CB-SCH (𝐸3) 
can be calculated from the eigenvalues of the Hamiltonian [see Eq. (A-25) in 
Appendix A.3], while the optical polarization of each transition is determined 
by the relative oscillator strength (ROS) components (𝑓𝑥, 𝑓𝑦 and 𝑓𝑧) which can 
be derived from the eigenfunctions of the Hamiltonian. In the numerical 
calculation, the band parameters of GaN from Vurgaftman and Meyer are used 
(see Appendix A.4) [19]. It is already known in Section 4.3.2, that for samples 
B–D grown on offcut sapphire substrates, the out-of-plane strain 𝜖𝑧𝑧 and the in-
plane strain 𝜖𝑥𝑥  along the direction perpendicular to the offcut-axis has the 
relationship: 𝜖𝑧𝑧 ≈ −2 (𝐶13 𝐶33⁄ )𝜖𝑥𝑥 (𝐶13 and 𝐶33 are elastic constants), which 
approximately satisfy the ideal biaxial elastic relaxation. In the calculation of 
eigen-energy and eigen-function, such a strain relationship is considered.  
We then computed the variations of the transition energies of CB-HH 
(𝐸1), CB-LH (𝐸2) and CB-SCH (𝐸3) at Γ point and the ROS with respect to the 
in-plane strain anisotropy 𝜖𝑥𝑥 − 𝜖𝑦𝑦 at a series of 𝜖𝑦𝑦. Figures 4.11(a)–4.11(c) 
show the contour images of the calculated transition energies mapped to 𝜖𝑦𝑦 
and 𝜖𝑥𝑥 − 𝜖𝑦𝑦. It can be clearly seen that at a fixed in-plain strain anisotropy, 
the transition energies decrease as the 𝜖𝑦𝑦 increases. The black crosses in Fig. 
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4.11(a) indicate the transition energies (𝐸1) of samples A–D in the energy-strain 
contour map. It implies that the transition energies of samples A–D should have 
a relationship of 𝐸𝐵 < 𝐸𝐶 < 𝐸𝐷 < 𝐸𝐴. This trend is generally consistent with 
the peak energies measured in the PL spectra, except for sample D. Further, 
Figure 4.12(d) show the energy difference (Δ𝐸) between the CB-HH and CB-
LH transitions, and the white crosses denote the Δ𝐸’s of samples A–D in this 
contour map. Table 4.1 lists the experimental peak energy shifts Δ𝐸𝑒𝑥𝑝. and the 
calculated energy differences Δ𝐸𝑐𝑎𝑙. between CB-HH and CB-LH transitions 
for samples A–D. For the off-axis samples, the theoretical values are very close 
to the experimental values, while for the on-axis sample, there is a relatively 
large deviation between Δ𝐸𝑐𝑎𝑙. and Δ𝐸𝑒𝑥𝑝.. 
 
Fig. 4.11 Calculated transition energies of (a) CB-HH (E1), (b) CB-LH (E2) and 
(c) CB-SCH (E3) and (d) the energy difference between CB-HH and CB-LH 
transitions mapped to the in-plane strain along the 𝑦-axis (ϵyy) and the in-plane 
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strain anisotropy (ϵxx–ϵyy). The black crosses in (a) denote the transition energies 
(E1) of samples A–D in the contour map. The white crosses in (d) denote the 
energy differences between the CB-HH and CB-LH transitions of sample A–D. 
Table 4.1 Measured in-plane strain in the 𝑦-axis (ϵyy) in-plane strain anisotropy 
(ϵxx–ϵyy), experimental peak energy shift (ΔEexp) and calculated peak energy 
shift ΔEcal of samples A–D. 
 𝜖𝑦𝑦(%) 𝜖𝑥𝑥 − 𝜖𝑦𝑦(%) Δ𝐸𝑒𝑥𝑝. (meV) Δ𝐸𝑐𝑎𝑙. (meV) 
A -0.047 -0.002 1.4 6.4 
B 0.099 0.011 1.1 1.0 
C 0.042 0.024 3.5 3.2 
D -0.015 0.023 6.1 5.3 
Seen in Fig. 4.12 are the contour plots of the calculated ROS 
components in the 𝑥- (first column), 𝑦- (second column) and 𝑧-directions (third 
column) mapped to 𝜖𝑦𝑦  and the in-plane strain anisotropy 𝜖𝑥𝑥 − 𝜖𝑦𝑦  for the 
three excitonic transitions E1 (first row), E2 (second row), and E3 (third row). 
The red areas denote pure linear-polarizations, while the blue areas mean the 
pure forbidden transitions. The dashed lines define the in-plane strain values 
corresponding to ROS = 0.5. For isotropic in-plane strains (i.e., 𝜖𝑥𝑥 − 𝜖𝑦𝑦 = 0), 
the 𝑓𝑥  and 𝑓𝑦  components of both CB-HH and CB-LH transitions are equal, 
meaning a non-polarization state. 𝑆𝑖’s (𝑖=1–4) denote the areas defined by the 
dashed lines and the coordinate edges [see Figures 4.12(a), 4.12(b), 4.12(d) and 
4.12(e)]. For anisotropic in-plane strains with the magnitudes located in the 
𝑆1/𝑆2 (𝑆3/𝑆4) area, the CB-HH (CB-LH) transition is dominantly 𝑥-/𝑦-polarized 
(i.e., 𝑓𝑥>𝑓𝑦  in 𝑆1  and 𝑆3  areas;  𝑓𝑦>𝑓𝑥  in 𝑆2  and 𝑆4  areas). The black crosses 
indicate the ROS components of samples A–D in the contour maps. For sample 
A, the in-plane strain anisotropy 𝜖𝑥𝑥 − 𝜖𝑦𝑦 is slightly less than zero (see Table 
4.1), and its in-plane strain values resides within the 𝑆1 area but is very close to 
the edge. This implies that the on-axis sample A should have a light emission 
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with a slight x-polarization (𝐼𝑥
𝑝 > 𝐼𝑦
𝑝
). However, for the off-axis samples B–D, 
their in-plane strain anisotropies 𝜖𝑥𝑥 − 𝜖𝑦𝑦 > 0 (see Table 4.1), and their strain 
values are within the 𝑆2 area, giving rise to 𝑓𝑦 > 𝑓𝑥 for CB-HH transition (𝑦-
polarized) and 𝑓𝑥 > 𝑓𝑦 for CB-LH transition (𝑥-polarized). This implies that the 
PL spectra measured in the 𝑦 -axis should be determined by the CB-HH 
transition, while the PL spectra measured in the x-axis is determined by the CB-
LH transition. As the transition energy of CB-LH is larger than that of the CB-
HH, a blueshift is expected when measuring the PL spectra from 𝑦-direction to 
𝑥-direction. The calculated blueshift energies for samples A–D are listed in 
Table 4.1. On the other hand, the spontaneous emission rate of the CB-HH 
transition should be higher than that of the CB-LH transition owing to the larger 
number of holes in the HH subband than that in the LH subband according to 
the Fermi-Dirac distribution. In this sense, a higher emission intensity is also 
expected for the PL spectra measured along the y-axis (𝐼𝑦
𝑝 > 𝐼𝑥
𝑝
). Therefore for 
samples B–D, partially y-polarized light emissions are expected. Unsurprisingly, 
these theoretical predications are well in accordance with the experimental 
observation. It can be concluded that the polarized light emissions of the GaN 
samples grown on offcut sapphire substrates are originated from the polarized 
transition between the conduction band and valence subbands, which appear in 




Fig. 4.12 ROS-strain maps of the calculated ROS x-, y- and z-polarization 
components for the transitions of CB-HH (E1), CB-LH (E2) and CB-SCH (E3) 
at Γ point in c-plane GaN. The dashed lines defines the areas with ROS=0.5 at 
the edge. The black crosses denote the magnitude of the in-plane strains of 
samples A–D in the ROS-strain maps. 
4.4 Summary 
This chapter studied the influences of the substrate offcuts on the surface 
morphologies of the nucleation layer and the HT-GaN layer at the initial growth 
stage, and also investigated the structural, strain and optical anisotropies of the 
N-polar GaN films induced by the substrate offcuts.  
The surface of the GaN nucleation layer on non-offcut substrate 
exhibited randomly distributed nucleation sites, and the HT-GaN layer grown 
on top of these nucleation sites showed rough surface with spiral islands. 
However, the surfaces of the GaN nucleation layers on offcut substrates showed 
denser islands preferentially arranged along the step edges than that along the 
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orthogonal direction. The surface steps promote step-flow growths of the HT-
GaN layer and thus smoother HT-GaN surfaces were obtained on offcut 
substrates. 
Structural, strain and optical anisotropic properties were observed in the 
N-polar GaN films grown on offcut substrates. On offcut substrates, the widths 
of the GaN (0002) rocking curves exhibited an anisotropic dependence on the 
azimuth of the X-ray incidence with their minima and maxima at the azimuths 
perpendicular and parallel to the offcut direction, respectively. However, this 
kind of anisotropy was not observed in the on-axis GaN samples. The structural 
anisotropy in off-axis GaN films was described as the result of a smaller extent 
of mosaic tilt in the direction perpendicular to the offcut direction, which was 
owing to a more rapid coalescence of islands in this direction at the initial 
growth stage. In addition, the off-axis GaN samples exhibited anisotropic in-
plane strain with larger strains in the direction perpendicular to the substrate 
offcut, which is in sharp contrast to the uniform in-plane strain in the on-axis 
sample. The strain anisotropy was attributed to the larger strain relaxation by 
the higher density of MDs along the offcut direction than that in the orthogonal 
direction. The structural (strain) anisotropy decreased (increased) with 
increasing substrate offcut, and both anisotropies were only marginally affected 
by the V/III ratio. Moreover, the anisotropic in-plane strain in the N-polar GaN 
films on offcut sapphire substrates led to polarized photoluminescence. The 
photoluminescence spectra of the N-polar GaN films on offcut substrates 
showed stronger intensities and smaller peak energies when the polarization 
directions were perpendicular to the offcut directions. The degree of 
polarization was found to have the same trend as the degree of in-plane strain 
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anisotropy when the substrate offcut angle increased. The theoretical calculation 
revealed that such an optical anisotropy in the off-axis GaN samples were 
originated from the polarized transitions between the conduction band and 
valence subbands induced by the anisotropic in-plane strains. 
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Chapter 5 Growth and optimization of N-polar InGaN/GaN 
multiple quantum wells  
5.1 Introduction 
In the device application of N-polar III-nitrides, it is hoped that a smooth 
surface morphology and a low concentration of background electron can be 
simultaneously achieved. However, there exists a tradeoff between the two 
requirements. The low concentration of background electron requires a high 
V/III ratio in the MOCVD growth, whereas a higher V/III ratio can lead to a 
rougher surface morphology during the epitaxy, especially when the growth 
temperature is low. This is particularly true in the growth of InGaN/GaN 
multiple quantum wells (MQWs), in which a very high V/III ratio and a N2 
ambient are needed, and the growth temperature is usually more than 200°C 
lower than the normal growth temperature of GaN. Such growth conditions can 
result in poor flatness of the InGaN/GaN interfaces and non-uniform indium 
contents in the InGaN quantum wells. Therefore the carrier confinement in the 
quantum wells can be weakened and the quantum efficiency may be reduced. 
Since the barrier thickness is usually three times thicker than the well thickness, 
the large roughness should be dominantly contributed by the poor surface 
morphology in the growth of the GaN barrier. Therefore, to reduce the interface 
roughness, it is essentially important to optimize the growth conditions of GaN 
barriers.  
Although reducing the V/III ratio is possible to improve the smoothness, 
it is not feasible in the growth of MQWs as a low V/III ratio can lower the 
supply of radical N atoms and increase the impurity concentrations at the InGaN 
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growth temperature. A common approach to overcome this challenge is to 
switch the ambient gas from N2 to H2 in the growth of GaN barrier, and at the 
same time to ramp up the growth temperature. Upon the growth of the GaN 
barrier, the growth conditions are then resumed to the InGaN-well growth 
parameters. To prevent etching of the InGaN layers during the introducing of 
H2 and the temperature ramping up, a thin GaN protection layer is usually grown 
under the same conditions of InGaN growth. These steps are then repeated for 
several cycles to grow multiple periods of InGaN/GaN layers. As the growth 
conditions (e.g., ambient gas, temperature) are frequently changed in short 
durations, they are very likely to cause unstable growth conditions such as 
pressure fluctuation. 
Another option is to employ a migration enhancement epitaxy (MEE) 
scheme in the growth of GaN barriers. Adatom migration is enhanced in MEEs 
usually by alternatively turning on and off the group-V source (NH3) and the 
group-III sources. This has been successfully used to reduce the roughness of 
AlN previously, in which the diffusing duration of Al-adatoms can be increased 
when NH3 is shut off [122], [123]. However the MEE method may be also 
problematic in the growth of MQWs, because the periodical turning-on and 
turning-off the NH3 flow can introduce large fluctuations of chamber pressure 
and temperature, similar to the case of the N2/H2 switching approach. Moreover, 
in MEE the NH3 flow rate and V/III ratio is usually low and it is mostly utilized 
in Ga-polar nitride growths. For N-polar nitride, especially N-polar InGaN/GaN 
MQWs, it is well known that a low V/III ratio promotes impurity incorporations. 
Therefore, it is very likely that impurity incorporation would be increased 
94 
during the shutoff of NH3 in the MQW growth, as the N2 overpressure is 
significantly reduced during this period. 
In view of the drawbacks of the previous approaches, we proposed a 
modified flow modulation scheme, namely, metal-source flow modulation. That 
is, during the growth of MQW, the NH3 is always on, but the flow rate of TMGa 
and/or TMIn is periodically turned on and off. Such a metal-source flow 
modulation can mitigate the pressure and temperature fluctuations caused by 
the NH3 flow modulation in the case of MEE growth. In this work, this modified 
flow modulation scheme was implemented in the growth of the N-polar GaN 
barriers. Material properties such as the surface morphology, interface 
roughness, photoluminescence, and impurity concentrations were 
systematically investigated. 
5.2 Growth of N-polar InGaN/GaN MQWs with a flow modulation 
method 
5.2.1 Experiment method 
InGaN/GaN MQW samples were grown on top of 1 μm-thick N-polar 
GaN templates by MOCVD. The N-polar GaN layers were grown on 4° offcut 
sapphire substrates and their growth conditions are the same as the sample D in 
Chapter 4. N2 was used as the ambient gas in the growth of both InGaN and 
GaN layers. NH3 flow rate was kept constant at 15 slm throughout the whole 
MQW growth process. Chamber pressure and growth temperature were set to 
200 Torr and 830°C, respectively. In the growth of InGaN wells, TMIn and 
TMGa flow rates were set to 90 μmol/min and 23 μmol/min, respectively. In 
the growth of GaN barriers, the TMGa flow rate (23μmol/min) was periodically 
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turned on for a duration of 𝑡𝑜𝑛 and turned off for a duration of 𝑡𝑜𝑓𝑓. Such a 
scheme is referred as metal-source flow modulation hereafter, and it is 
illustrated schematically in Fig. 5.1. Under these growth conditions, four five-
period InGaN/GaN MQW samples (samples S1, S2, S3, and S4) were prepared. 
Sample S1 was grown in a continuous flow mode without modulation, while 
the TMGa flows in the growth of samples S2–S4 were modulated with different 
𝑡𝑜𝑛 and 𝑡𝑜𝑓𝑓 values. The number of modulation cycles were optimized for each 
sample to obtain the same GaN barrier thickness. Table 5.1 lists the 𝑡𝑜𝑛 and 𝑡𝑜𝑓𝑓 
values for sample S2–S4. 
 
Fig. 5.1 Schematic illustration of the metal-source flow modulation during the 
growth of GaN barriers. 
Table 5.1 The TMGa flow modulation parameters ton and toff in the growth of 
the GaN barriers for samples S1–S4. 
Sample 𝑡𝑜𝑛 (s) 𝑡𝑜𝑓𝑓 (s) No. of cycles 
S1 continuous continuous 0 
S2 5 5 22 
S3 2 5 53 
S4 2 10 63 
5.2.2 Surface morphology 
Figures 5.2(a)–5.2(d) show the SEM images of the top GaN barrier 
surfaces of samples S1–S4, respectively. One sees that sample S1 exhibits a 
rough surface featured with hillocks, while the surface roughness is 
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significantly reduced for the samples S2–S4 grown with flow modulations. 
Such an improvement can be more clearly seen from their topographic images. 
Figures 5.3(a)–5.3(d) are the 3-dimensional AFM topographic images of 
samples S1–S4, respectively. A high density of hillocks are presented on the 
surface of sample S1 [Fig. 5.3(a)], resulting in a high surface roughness of 6.9 
nm in root-mean-square (rms). For sample S2 grown by a TMGa flow 
modulation with 𝑡𝑜𝑛 𝑡𝑜𝑓𝑓⁄ =5s/5s, the density of surface hillocks is greatly 
reduced, leading to a reduced rms-roughness of 2.1 nm [Fig. 5.3(b)]. A further 
decrease of 𝑡𝑜𝑛 to 2s while keeping 𝑡𝑜𝑓𝑓 the same as in the growth of sample S2 
leads to a hillock-free smooth surface for sample S3, and the rms roughness is 
further reduced to 1.5 nm [Fig. 5.3(c)]. However, the surface roughness is 
slightly increased (rms=1.6 nm) when extending the 𝑡𝐿  to 10 s while setting 
𝑡𝑜𝑛=2s in the growth of sample S4. Such a significant improvement in the 
surface morphology of the samples from sample S1 to sample S4 implies a great 
enhancement of adatom surface diffusivity using the TMGa flow modulation 
scheme. 
 
Fig. 5.2 SEM images of the surfaces of samples (a) S1, (b) S2, (c), S3, (d) S4. 
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Fig. 5.3 AFM topographic images of the InGaN/GaN MQW samples (a) S1, (b) 
S2, (c) S3, and (d) S4. 
Following the Burton-Cabrera-Frank (BCF) theory [124], the growth 
behaviour of the surface morphology strongly depends on supersaturation. 
Under a supersaturated growth environment, the surface step due to a 
dislocation winds itself in a way that a single screw dislocation sends out 
successive turns of steps. Thus the terrace width 𝐿 decreases with the increase 
of supersaturation 𝜎 [i.e., 
1
𝐿
∝ ln (1 + 𝜎)]. In the MOCVD growth of GaN, the 
thermodynamic supersaturation at a given temperature can be obtained from the 
input partial pressure 𝑃𝐺𝑎











The simplified chemical reaction in the deposition of GaN is as follow: 
 𝐺𝑎(𝑔) + 𝑁𝐻3(𝑔) = 𝐺𝑎𝑁(𝑠) + 3 2⁄ 𝐻2(𝑔). Eq. (5-2) 





, Eq. (5-3) 
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where 𝑎𝐺𝑎𝑁 is the activity of GaN, PGa is the equilibrium vapor pressure of Ga, 
𝑃𝐻2  and 𝑃𝑁𝐻3  are the partial pressures of H2 and NH3, respectively. 
log10𝐾(𝑇) = −12.2 + 1.78 × 10
4/𝑇 + 1.79 log10(𝑇) , where T is the 
temperature in the unit of Kelvin.  
The total pressure of the system can be written as 
 𝑃𝑇 = 𝑃𝐺𝑎 + 𝑃𝑁𝐻3 + 𝑃𝐻2 + 𝑃𝐼𝐺 , Eq. (5-4) 
where 𝑃𝑖 (i=Ga, NH3 and H2) are the equilibrium partial pressures and 𝑃𝐼𝐺  is the 
partial pressure of inert gases (e.g., N2). The inert gas is not involved in the 
growth of GaN, therefore Eq. (5-4) can be rewritten as 
 𝑃𝑟 = 𝑃𝐺𝑎 + 𝑃𝑁𝐻3 + 𝑃𝐻2, Eq. (5-5) 
where 𝑃𝑟 is the reduced total pressure for the GaN formation at the growing 
surface. 
From the molar conservation constraints, we have 
 𝑃𝐺𝑎
0 − 𝑃𝐺𝑎 = 𝑃𝑁𝐻3
0 − 𝑃𝑁𝐻3, Eq. (5-6) 
where 𝑃𝐺𝑎
0  and 𝑃𝑁𝐻3
0  are the input partial pressures of TMGa and ammonia, 
respectively. Substitute Eq. (5-3) and Eq. (5-6) into Eq. (5-5), the partial 
pressure of Ga satisfies a fourth order polynomial equation: 
 
𝑃𝐺𝑎






















𝐵 ≡ 𝑃𝑟 − 𝐴. 
Eq. (5-7) 
where V/III is the ratio of 𝑃𝑁𝐻3
0  to 𝑃𝐺𝑎
0 .  
It is commonly known that NH3 decomposes slowly in the gas phase 
without a catalyst and strongly depends on the growth condition and equipment 
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[34]. Therefore a decomposition coefficient α is introduced into the 
heterogeneous cracking reaction of NH3 as follows: 






𝛼𝐻2(𝑔). Eq. (5-8) 
In the growth of InGaN/GaN quantum wells, N2 is usually used as the 
sole diluent gas. Taking into account the NH3 decomposition coefficient, the 
reduced total pressure in Eq. (5-5) can be rewritten as 
 𝑃𝑟 = 𝑃𝐺𝑎





0 . Eq. (5-9) 
Figure 5.4 plots the Ga supersaturation as a function of V/III ratio in the 
deposition of GaN in a N2 ambient at the normal GaN growth temperature 
1050°C and at the InGaN/GaN MQW growth temperature 830°C. The 
calculation was based on a Ga input partial pressure of 6.4×10-3 Torr, α = 0.35 
for 830°C and 0.7 for 1050°C, and the total reactor pressure is 200 Torr. It is 
seen that for the growth of GaN barriers at a temperature 830°C, the degree of 
supersaturation is several orders of magnitude higher than that in the HT-GaN 
growth at 1050°C. In a N2 ambient, the degree of supersaturation decreases with 
the increase of V/III ratio.  
 
Fig. 5.4 Ga supersaturation in deposition of GaN as a function of V/III ratio for 
N2 diluent process at 830°C (black) and 1050°C (red). The calculation was 
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carried out by using the growth parameters P0Ga=6.4×10
-3, and α=0.35 for 
T=830°C and 0.7 for T=1050°C. 
According to the BCF theory, the spiral growth mode dominates under 
a condition of high degree of supersaturation. Therefore, for sample S1 in which 
GaN barriers were grown with continuous TMGa flow, the high density of 
hillocks may be attributed to the high degree of supersaturation. On the other 
hand, since the TMGa flow modulation provides alternating high (TMGa on) 
and low (TMGa off) degrees of supersaturation, the excess Ga atoms during the 
turning-on of the TMGa flow lead to enhanced adatom surface diffusivity 
during the successive turning-off of the TMGa flow. Thus Ga atoms are more 
likely to migrate to the step edge instead of being trapped into screw dislocation 
centers and forming hillocks. Therefore, the density of hillocks can be reduced. 
In this experiment, the hillocks can be completely mitigated with 𝑡𝑜𝑛/𝑡𝑜𝑓𝑓 =
2𝑠/5𝑠 in the TMGa flow modulation for sample S3 growth. The slight increase 
of the surface roughness may be due to the increased GaN decomposition in the 
TMGa turning-off duration with increased 𝑡𝑜𝑓𝑓. 
5.2.3 Interface roughness 
Along with the surface morphology improvement in samples S2–S4 is 
the improvement in the well/barrier interface roughness of these MQW samples, 
as evidenced by the XRD measurements. Figure 5.5 shows the 2θ-ω scan curves 
of samples S1–S4. The nominal In composition in the InGaN wells is around 
20%, and the thicknesses of the barrier and wells are ~ 3nm and ~9nm, 
respectively, determined from the Epitaxy© (PANAlytical© software) 
simulation results. In Fig. 5.5 one can see that samples S1 and S2 show weak 
and broad first and second order satellite peaks, while samples S3 and S4 have 
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stronger and sharper first and second order satellite peaks. It is known that for 
MQW structures, the full width at half maximum (FWHM) of the satellite peaks 
will be broadened with increase of the diffraction order by the barrier/well 
interface roughness [125]. Assuming the interface roughness is described by a 
Gaussian distribution function with standard deviation, the FWHM of the n-th 
order satellite peak can be expressed as 
 𝑊𝑛 = 𝑊0 + √𝑙𝑛2 ⋅ 𝑛 ⋅ Δ𝜃𝑀 ⋅ (𝛿/Λ), Eq. (5-10) 
where 𝑛 is the satellite order, 𝑊0  and 𝑊𝑛  are the FWHM values of the zero 
order and n-th order satellite peaks, respectively, Λ is the period length, Δ𝜃𝑀 is 
the angular period of the satellite peaks, and 𝜎/Λ is the interface roughness. 
Therefore, the interface roughness can be determined from the slope of the 
linear fitting of the 𝑊0 and 𝑊𝑛. The inset in Fig. 5.5 show the FWHM values of 
the zero order and first order satellite peaks of samples S1–S4. It is clearly seen 
that for samples S1 and S2, the slope is much larger than those for sample S3 
and S4, and sample S3 has the smallest slope. This implies that samples S1 and 
S2 should have higher interface roughness than the other two samples, and 
sample S3 should have the flattest interface among the four samples. This trend 




Fig. 5.5 2θ-ω scan curves for samples S1–S4.  Inset: FWHMs of zero and first 
order satellite peaks. 
5.2.4 Photoluminescence property 
Figures 5.6(a) and 5.6(b) show the low- and room-temperature PL 
spectra normalized to the GaN-emission peaks, respectively. One can see that 
at both low and room temperatures, both samples S1 and S2 exhibit much higher 
yellow luminescence (YL; 520 ~ 680 nm) intensities than samples S3 and S4. 
Among the four samples, S3 has the lowest YL intensity at both low and room 
temperatures. The integral YL intensity was reduced from sample S1 to sample 
S3 by nearly 6 times at 5 K and 2 times at 300 K. It is interesting to notice that 
the variation of the YL intensity from sample S1 to S4 has a similar trend as in 
the variations of the surface and interface roughness in the AFM and XRD 
measurements.  
Also seen in Fig. 5.6(a) is that at 5 K, the intensity ratios of the MQW-
emission peaks (IMQW) to the GaN-emission peaks (IGaN) for samples S3 and S4 
are over two times higher than that for samples S1 and S2, implying higher 
optical efficiencies in samples S3 and S4 at the low temperature. However at 
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300 K, such an optical efficiency increment of samples S3 and S4 is not 
prominent and the IMQW/IGaN ratio is even lower in sample S3 than that in sample 
S1, although the YL intensity is significantly suppressed in sample S3.  
 
Fig. 5.6 (a) Low- and (b) room-temperature photoluminescence spectra of 
samples S1–S4 normalized to the GaN peak. 
5.2.5 Impurity incorporations 
The YL is frequently attributed to the excitonic transition between the 
shallow donor energy levels (VGa or ON) and acceptor (CN) energy levels [64], 
therefore the reduction of the YL in the PL spectra of samples S2–S4 must be 
attributed to the decreased impurity incorporations. Figure 5.7 show the XPS 
depth profiling of C, In, and O concentrations in the MQWs of samples S1–S4.  
The variations of the In concentrations indicate the periodicity of the QWs. The 
In compositions (<2%) obtained from the XPS are lower than those (20%) 
deduced from the HRXRD measurement. This may be due to the limited depth 
profiling resolution of the XPS equipment and/or the different etching rate on 
In and Ga atoms. In fact, metallic Ga signal was detected in each XPS profile, 
resulting in ~60% Ga composition and thereby decreasing the actually measured 
In, C, and O concentrations. The C and O concentrations vary with the profiling 
104 
depth in each MQW sample, and the O concentrations are higher than the C 
concentrations in all samples.  
 
Fig. 5.7 XPS depth profiling of C, In and O concentrations in the MQWs of S1–
S4. 
The ratios of the average C and O concentrations over the averages of N 
concentrations in respective samples are used as the figure of merit to 
characterize the impurity incorporation levels in different MQW samples. 
Figure 5.8 shows the variation of C/N and O/N ratios from Sample S1 to Sample 
S4. One sees that the C/N ratio does not exhibit significant difference from 
sample to sample, while the O/N ratio shows a clear trend of reduction from 
Sample S1 to Sample S3 and then an increase from S3 to S4. The minimum O 
concentration is obtained in the growth of sample S3 with 𝑡𝑜𝑛/𝑡𝑜𝑓𝑓=2s/5s. Such 
a trend is well consistent with the trend of the integral YL intensities measured 
at LT and RT. In this regard, it can be concluded that it is the level of O 
incorporations that dominantly determines the YL intensities in the MQW 
samples. Further, the O incorporation reduces by up to 27% with carefully 
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optimizing the on-and-off durations (𝑡𝑜𝑛/𝑡𝑜𝑓𝑓=2s/5s) of the TMGa flow. The 
alternating on and off of TMGa supply can provide alternating high and low 
supersaturations, respectively. The continuous NH3 flow while shutting off the 
TMGa flow provides a very high nitrogen over-pressure and thus suppress the 
O species from substituting N-sites [56].  
 
Fig. 5.8 Variations of the average O/N and C/N ratios in the MQWs and the 
integral intensities of LT-YL and RT-YL from S1 to S4. 
5.3 Summary 
In this chapter, a TMGa flow-modulation method was implemented in 
the growth of GaN barriers of N-polar InGaN/GaN MQWs. Compared to the 
MQW sample grown with continuous TMGa flow mode, the TMGa flow-
modulation grown MQW samples show reduced surface and barrier/well 
interface roughness. By optimizing the turning-on and turning-off durations, 
surface roughness was reduced from 6.6 nm to 1.5 nm, and the integral yellow 
luminescence intensity was reduced by nearly 6 times at 5 K and 2 times at 300 
K. The morphology improvement and reduction of yellow luminescence were 
attributed to the enhanced adatom diffusivity and decreased oxygen 
incorporation, respectively, owing to the lower supersaturation in the TMGa 
flow modulation growth.   
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Chapter 6 Novel applications of N-polar GaN in light emitting 
diodes 
6.1 Introduction 
GaN-based light emitting diodes (LEDs) usually suffer from a gradual 
efficiency reduction as the injection current increases. This phenomenon, well 
known as efficiency droop, is especially significant at high current injection [26]. 
The electron overflow out of the active region has been suggested as one of the 
main causes of the efficiency droop [29]. To suppress the electron overflow, an 
AlxGa1-xN electron blocking layer (EBL) is usually employed in conventional 
c-plane GaN-based LED structures [126]. However it has been reported that the 
effective barrier height for electrons of the EBL can be reduced due to the 
downward band bending induced by the large polarization field in the AlGaN 
layer. As a result, the electron overflow cannot be suppressed effectively [127]. 
An increase in the Al content of the AlGaN EBL may increase the barrier height 
for electrons, but it also increases the barrier height for holes due to the 
increased valence band offset at the interface of AlGaN/GaN, which in turn 
retards the hole injection [127]. To reduce the polarization field in EBL, AlInN 
or AlGaInN EBLs with polarization matching that of GaN were proposed and 
demonstrated to be more effective in suppressing electron overflow [28], [62]. 
Unfortunately, such EBLs are not easy to be realized in epitaxial growth due to 
the conflicting optimal growth conditions of AlN and InN. While these 
proposals attempt to mitigate the polarization field at the heterostructure 
interface in order to increase the barrier height, an opposite but promising 
approach is to exploit the interface polarization field to create a barrier for 
electrons. Such a concept has been introduced earlier in Jia’s work, in which a 
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polarization-induced barrier (PIB) height was estimated to be over 1.0 eV in a 
GaN/Al0.13Ga0.87N (10 nm)/GaN heterostructure, several times higher than the 
band offset [128], [129]. In addition, X-ray photospectroscopy results showed 
that the polarization-induced band bending at the Ga-polar GaN surface can be 
as high as 0.9 eV [130]. These results imply that the polarization charge in III-
nitrides is an alternative method to create effective electrostatic barriers. 
Following this concept, we designed an LED structure which employs the PIB 
to suppress the electron overflow. The energy band diagram, carrier distribution 
and quantum efficiency are investigated numerically using the Sentaurus device 
simulator [131], and compared to those of a conventional LED structure with 
AlGaN EBL.  
6.2 Novel LED structure with polarization-induced electron barrier 
6.2.1 Device structure 
The original LED structure under study consists of 1 μm-thick n-GaN 
layer (5×1018 cm-3), three pairs of In0.1Ga0.9N/GaN quantum wells (QWs) with 
3-nm-thick wells and 12-nm-thick barriers, a 50 nm-thick p+-GaN (1×1019 
𝑐𝑚−3) and a 200-nm-thick p-GaN (1×1018 cm-3). The QWs and the n-GaN 
layers are Ga-polar, but the polarity of the p-GaN layer is inverted to N-polar. 
Experimentally, the polarity inversion can be achieved by heavy Mg-doping 
(e.g., ~ 1020 cm-3) during the GaN growth via inducing planar defects at the 
interface [50], [132]–[135]; High quality p-type N-polar GaN films comparable 
to Ga-polar ones have also been realized as reported by Fichtenbaum et al. [136]. 
This LED structure is schematically illustrated in Fig. 6.1(a) and, hereafter, 
referred to as LED-A. As a comparison, a conventional Ga-polar LED structure 
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[shown in Fig. 6.1(b)], denoted as LED-B, has also been investigated. All other 
parameters of LED-B are the same as those of LED-A except for the 20-nm-
thick Al0.2Ga0.8N EBL inserted between the p-GaN and the top GaN quantum 
barrier. Commonly accepted parameters, including a screening ratio of 0.7 (i.e., 
70% of the theoretical polarization charges), a band offset ratio of 0.7 (i.e., 
ΔEc Δ𝐸𝑣⁄ = 0.7), a Shockley-Read-Hall (SRH) coefficient of 1×10
9 s-1, and a 
Auger coefficient of 1×10-31 cm6/s, were used in the simulations [29], [17], 
[137]. 
 
Fig. 6.1 Schematics of the structures of (a) LED-A and (b) LED-B. The polarity 
inversion in LED-A and the insertion of AlGaN EBL in LED-B should be noted. 
6.2.2 Results and discussion 
The insets of Fig. 6.2 show the polarization charge distributions in the 
AlGaN, p-GaN, and the top GaN barriers of both LED structures. For LED-B, 
both AlGaN and GaN have the same polarity but since the AlGaN has a larger 
spontaneous polarization charge density than that of GaN [27], positive net 
polarization charges will present at the Al0.2GaN0.8/GaN interface (i.e., 0.0177 
C/m2). However, for LED-A, the p-GaN and the GaN barrier have opposite 
polarities, therefore there exists a large density of negative polarization charges 
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(i.e., -0.058 C/cm2) at the polarity inversion interface. Because of such 
differences in the polarization charge distributions, energy band profiles of the 
two LEDs are different as well. Shown in Fig. 6.2 are the band diagrams of both 
LEDs under a forward current injection of 100 mA. For LED-B, at the 
AlGaN/GaN interface, both the conduction- and the valence-band bend 
downwards to lower energies (see the left inset in Fig. 6.2). The downward 
bending of the conduction band in the top GaN barrier lowers the barrier height 
for electrons while the downward bending of the valence band in the AlGaN 
EBL increases the barrier height for holes. In other words, electrons cannot be 
effectively confined and holes cannot be efficiently injected. In contrast, for 
LED-A, both the conduction- and the valence-band bend upward at the polarity 
inversion interface (see the right insert in Fig. 6.2). In this light, a potential 
barrier for electrons and a potential well for holes are created at this interface. 
Compared to the EBL barrier height for electrons (Δ𝐸𝐵
𝑒 ) of LED-B, the 
polarization-induced barrier (PIB) height (𝛥𝐸𝐴
𝑒 ) for electrons of LED-A is 95 
meV higher. On the other hand, the hole injection barrier height (Δ𝐸𝐴
ℎ) in LED-
A is 96 meV lower than that (Δ𝐸𝐵
ℎ) in LED-B. These comparisons in the barrier 
heights imply that LED-A (i.e., with PIB) should be more effective than LED-
B (i.e., with EBL) in electron confinements and hole injections. 
To examine the effectiveness of electron confinement by the PIB and 
EBL, electron current distribution profiles across the LED structures under 
forward current injections of 20 mA and 100 mA are plotted in Fig. 6.3(a). It is 
seen that for LED-A, at 20 mA the electron current is almost 100% injected into 
the QWs region; at 100 mA, about 17% current is leaked out of the QWs. 
However, for LED-B, almost half of the current is leaked out of the QWs region 
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at both low and high current injections. The current injection efficiencies of 
LED-A and LED-B, defined as 𝜂𝑖𝑛𝑗 = 100% × (𝐼𝑡𝑜𝑡𝑎𝑙 − 𝐼𝑙𝑒𝑎𝑘𝑎𝑔𝑒)/𝐼𝑡𝑜𝑡𝑎𝑙, are 
plotted in Fig. 6.3(b). It can be seen that the 𝜂𝑖𝑛𝑗 of LED-B sharply drops to 
~50% at a very low current (<10 mA), whereas the reduction in 𝜂𝑖𝑛𝑗 of LED-A 
is much slower at low current injections and a drop of 17% occurs at a high 
current injection of 100 mA [see Fig. 6.3(b)]. The sharp dropping and smaller 
𝜂𝑖𝑛𝑗 of LED-B while a slower dropping and larger 𝜂𝑖𝑛𝑗 of LED-A in the range 
of small driving current can be attributed to the much faster decreasing of Δ𝐸𝐵
𝑒 
than Δ𝐸𝐴
𝑒  in the small current range (e.g.,  Δ𝐸𝐵
𝑒  drops to ~0.45 eV and Δ𝐸𝐴
𝑒 
drops to ~1.0 eV at ~ 6 μA) as seen also in Fig. 6.3(b). These results provide 
direct evidence for the higher effectiveness of electron confinement by the PIB 
in LED-A than that by the EBL in LED-B. 
 
Fig. 6.2 Energy diagrams of LED-A (red) and LED-B (blue) under a forward 
bias current of 100 mA. Efn and Efp are the quasi Fermi levels of LED-A (red 
dashed) and LED-B (blue dashed). ΔEeA (ΔEeB) and ΔEhA (ΔEhB) are the 
effective potential barriers for electrons and holes of LED-A (LED-B), 
respectively. The insets show the polarization induced charge distribution at the 
interfaces next to the top GaN barriers. 
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Fig. 6.3 (a) Current distribution profiles across LED-A and LED-B under 
forward current injections of 20 mA and 100 mA, respectively. (b) Plots of 
effective potential barriers for electrons and current injection efficiencies of 
LED-A and LED-B as a function of the driving currents. The current injection 
efficiency is defined as 100%×(Itotal–Ileakage)/Itotal. 
 
Fig. 6.4 Carrier concentration distribution profiles within the QW regions of 
both LED structures at a driving current of 100 mA. 
Carrier concentration distributions within the QWs regions of both 
LEDs are also investigated and the profiles are shown in Fig. 6.4. It is clearly 
seen that the electron concentration in the QWs of LED-A is higher than that in 
the QWs of LED-B, consistent with the higher electron current injection 
efficiency of LED-A as shown above in Fig. 6.3. Importantly, the hole 
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concentration within the QWs of LED-A is also higher than that in the QWs of 
LED-B. This verifies that the hole injection can also be improved in LED-A 
with PIB due to the reduced hole injection barrier height (see Fig. 6.2). 
Figure 6.5(a) plots the 𝐼 − 𝑉 curves for voltage drop from the p-contact 
to the n-contact of both LED structures. It can be seen from the 𝐼 − 𝑉 curves 
that the turn-on voltage of LED-A (~3.4 V) is lower than that of LED-B (~4.0 
V); LED-A seems to have a larger voltage increase rate with respect to current 
compared to LED-B. Therefore at a large current injection (i.e., at 100 mA), the 
voltage drop across the whole structure of LED-A exceeds that of the LED-B. 
This seems to be conflicting with the higher electron and hole concentrations in 
the MQWs of LED-A than those in the MQWs of LED-B. However by 
extracting the individual voltage drop across the p-GaN 𝑉𝑃 [Fig. 6.5(b)], the 
MQW 𝑉𝑄𝑊 [Fig. 6.5(c)] and the n-GaN region 𝑉𝑁 [Fig. 6.5(d)], it is known that 
a large amount of voltage drops across the p-GaN region, almost one order of 
magnitude higher than that across the MQW- and n-GaN regions. In the MQW- 
and n-GaN regions, the voltage drops for LED-A is smaller than that for LED-
B, consistent with the higher carrier concentrations in the MQWs of LED-A 
than that in the MQWs of LED-B.  
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Fig. 6.5 I-V curves for voltage-dropping from the p-contact to n-contact  
VT (a), from the p-contact to the top-GaN barrier VP (b), from the top-GaN 
barrier to the bottom-GaN barrier VQW (c), and from the bottom-GaN barrier to 
the n-contact (d). 
From the slopes of the 𝐼 −  𝑉𝑝 curves, it is also seen that the p-GaN of 
LED-A is less conductive than that of LED-B. Physically, the conductivity of 
semiconductor depends on the carrier concentrations and mobility: 𝜎 =
𝑒(𝜇𝑒𝑛𝑒 + 𝜇ℎ𝑛ℎ), where e is the charge of the elementary charge, 𝜇𝑒 (𝜇ℎ) is the 
mobility of electron (hole); 𝑛𝑒  and 𝑛ℎ  the electron and hole concentrations, 
respectively. Figure 6.6 shows the electron and hole concentration profiles 
across the p-GaN regions of LED-A and LED-B at a driving current 100 mA. 
One sees that the hole concentrations are not significantly different in the p-
GaN regions of LED-A and LED-B, whereas as a result of the higher electron 
blocking barrier height in LED-A, the electron concentration in the p-GaN of 
LED-A is almost one order of magnitude lower than that in the p-GaN of LED-
B. Therefore, the increased resistance of LED-A is a result of the increased 
electron barrier height Δ𝐸𝐴
𝑒  induced by the strong polarization field at the 
polarity inversion interface. The phenomenon of the enhanced carrier injection 
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along with an increase of device resistance in GaN LED devices has also been 
reported elsewhere [138]. 
 
Fig. 6.6 Electron and hole concentration profiles across the p-GaN regions of 
LED-A and LED-B at a driving current of 100 mA. 
Figure 6.7(a) plots the 𝐿 − 𝐼 curves of both LEDs. The L-I curves show 
that LED-A has a higher optical output power than that of LED-B at the same 
current injection (e.g., 63.8% higher at 100 mA). To better understand the 
optical efficiency performance of the two LEDs, curves of internal quantum 
efficiency (IQE) with respect to the injection currents are plotted in Fig. 6.7(b). 
The IQE is defined as the radiative efficiency 𝜂𝑟𝑎𝑑 times the current injection 
efficiency 𝜂𝑖𝑛𝑗. It is clearly seen in Fig. 6.7(b) that LED-A exhibits much higher 
IQE than LED-B does in the interested current range, although it has a slightly 
higher IQE droop than that of LED-B (mostly contributed from the larger 𝜂𝑖𝑛𝑗 
droop in LED-A than in LED-B). In addition, LED-A also has a larger peak IQE 
current (15 mA), as indicated by the dashed vertical lines in Fig. 6.7(b), than 
that of LED-B (1.7 mA). Therefore, such a remarkable efficiency improvement 
in LED-A, in contrast with the conventional LED-B, provides solid evidence 
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that the use of PIB is highly effective in suppressing electron overflow out of 
the active region in GaN-based LEDs. 
 
Fig. 6.7 (a) L-I curves. (b) Plots of IQE as a function of current. Dashed vertical 
lines indicate the currents at peak efficiencies. 
6.3 Summary 
In conclusion, we have designed an LED structure by introducing a PIB 
and compared its electrical and optical performances with a conventional LED 
structure that employs the AlGaN EBL. The energy band diagram analysis 
reveals that the LED with PIB has a higher electron blocking barrier and a lower 
hole injection barrier than those of the conventional LED with EBL. The 
distributions of the current and carrier concentration show a higher carrier 
injection efficiency for the PIB-LED than that for the EBL-LED. Moreover, the 
𝐿 − 𝐼 and IQE curves show a significant improvement in the optical efficiency 
of the PIB-LED as compared to that of conventional EBL-LED. All these 
improvement in devices performance are attributed to the PIB-induced 
enhancements in electron confinement and hole injection of the proposed LED 
structure. 
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Chapter 7 Conclusions 
7.1 Summary 
This thesis describes the epitaxial growth, characterizations and a device 
application of N-polar III-nitride materials. Overall, it investigates (1) the 
control of buffer polarity in the growth of N-polar films on sapphire substrates, 
(2) the anisotropic material properties of N-polar films grown on offcut 
substrates, (3) the material quality improvement of N-polar InGaN/GaN 
quantum wells using a flow-modulation method, and (4) a theoretical study of 
an application of N-polar materials in a novel light emitting diode structure. The 
major contributions of this work are summarized in the following aspects: 
1) Studied the polarity inversion in the growth of GaN films on 
nitridated sapphire substrates by a metal adlayer. It was found that the film 
polarity can be inverted from N- to mixed and to Ga-polar by a short metal-
source preflow before the growth of low-temperature buffer and after the 
sapphire nitridation. Along with the polarity inversion, threading dislocation 
densities and impurity incorporations were reduced. It was observed for the first 
time that Ga, In, Al, and Mg sources can all invert the polarity. An accumulation 
of two-monolayer metal atoms in the metal-source preflow was attributed to the 
polarity inversion. 
2) Investigated the polarity inversion by a low V/III ratio in the low 
temperature (LT) GaN growth. Experimentally proved that the accumulation of 
metals atoms existed in the LT-GaN layer grown under a low V/III ratio, using 
X-ray photoelectron spectroscopy. The two-monolayer model was extended to 
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explain the polarity inversion from N- to Ga-polarity by the low V/III ratio of 
LT-GaN growth. 
3) Studied the substrate offcut effects on the structural, strain and optical 
anisotropies of the N-polar GaN thin-films. Along the substrate offcut direction, 
the N-polar GaN films showed broader widths of the GaN (0002) rocking 
curves, smaller in-plane strain and higher polarized light intensity than those 
along the orthogonal direction. The structural, strain and optical anisotropies 
were attributed to the anisotropic mosaic tilt, preferential strain relaxation, and 
strain anisotropy induced polarized carrier transitions in different directions, 
respectively. 
4) Implemented a TMGa flow-modulation method in the growth of 
barriers of N-polar InGaN/GaN multiple quantum wells and effectively 
improved the quantum wells qualities. Compared to the samples grown with a 
continuous flow mode, the samples grown with the TMGa flow modulation 
method showed significantly decreased surface/interface roughness and 
reduced yellow luminescence intensity. XPS depth profiling analysis revealed 
a reduction of O concentration in the samples grown with the TMGa flow-
modulation method. 
5) Proposed a novel application of the N-polar material in improving the 
optical efficiency of LED devices. The novel LED structure consisted of an N-
polar p-GaN grown on a Ga-polar MQW structure. Numerical simulation 
predicted promising advantages of the novel LED structure in terms of enhanced 
carrier injection and improved optical efficiency. 
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Overall, this thesis described a research effort into the N-polar III-
nitrides that involves the epitaxy, characterizations, and a device application of 
N-polar materials. This improved the understanding about the polarity control 
in the MOCVD growth of GaN on sapphire substrates and the impact of the 
substrate offcut on the anisotropic material properties of the GaN epilayers, and 
provided a new approach to improve the qualities of N-polar quantum wells and 
a novel application of the N-polar III-nitride materials in LED devices. It is 
hoped that these contributions will be useful in future efforts utilizing N-polar 
GaN in practical device applications. 
7.2 Future work 
7.2.1 N-polar III-nitrides growth on Si substrates 
The integration of III-nitride devices with Si is a promising approach for 
cost-effective production, owing to the lower cost and large-size of the Si 
substrates compared to sapphire and SiC substrates. It is worthwhile to extend 
the advantages of the N-polar III-nitride devices on the Si substrates. However, 
to the best of our knowledge, the MOCVD grown III-nitrides on Si substrates 
all inevitably exhibits Ga-polarity. Unlike the epitaxy on sapphire substrates in 
which the N-polarity can be obtained by nitridation, the MOCVD growth of N-
polar epilayers on the Si substrates have not been succeeded by surface 
treatment. To realize the N-polarity on Si substrates, we propose three 
approaches. The first approach is to use N-polar AlN template grown by MBE. 
The N-polar AlN films on Si(111) can be realized by MBE due to its excellent 
capability of interface control [139], [140]. However, the slow growth rate of 
MBE is not favored for device fabrication. Therefore, N-polar devices can be 
grown by MOCVD using MBE-grown thin N-polar AlN layers on Si(111) as 
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templates. The second approach is to invert the Ga-polarity to N-polarity by 
heavy magnesium doping in the MOCVD growth. This has been demonstrated 
by Keller et al. [134]. However the N-polar films may suffer from poor crystal 
quality due to the planar defects at the polarity inversion interface introduced 
by the large concentration of Mg dopants. The third approach is to invert the 
Ga-polarity by wafer bonding and wafer transfer processes. We have carried out 
proof-of-concept experiment on Ga-polar GaN films grown on Si(111) 
substrates utilizing the wafer bonding and chemical-mechanical polishing 
(CMP) technologies. The GaN wafer was first bonded with a Si(100) handling 
wafer, and the Si(111) substrate was first thinned by CMP. The Si substrate was 
completely removed by reactive ion etching and the N-polar AlGaN buffer 
layers were exposed. The AlGaN grading layers were further removed by 
inductively coupled plasma etching. Through this procedure, a N-polar GaN 
film bonded on Si(100) substrate was successively achieved. Future work can 
be carried out on testing the feasibility of regrowing GaN on the bonded N-polar 
GaN template at high temperature by MOCVD process. 
7.2.2 Improve the hole concentration in p-type N-polar GaN  
High optical efficiency light-emitting diodes require high quality p-GaN 
contacts in terms of low contact resistances and high hole concentrations. These 
requirements calls for a high efficiency of hole doping during the growth of the 
p-GaN layer. Because the free electron concentration in a unintentionally doped 
N-polar GaN film is over ten times higher than that in a Ga-polar film, the 
growth of N-polar p-GaN is rather challenging. Although there is a report on 
the N-polar p-GaN with comparable quality with the Ga-polar p-GaN, the 
growths carried out was at 1080 °C, much higher than the usual p-GaN growth 
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temperature [136]. In practical growth of a light-emitting diode, the N-polar p-
GaN is still of lower quality than the Ga-polar p-GaN. Therefore, it is necessary 
to increase the hole concentration either by optimizing the growth conditions of 
the p-GaN films or by implementing new growth strategies. In view of the 
effectiveness of the TMGa flow modulation in the reduction of impurity 
incorporations of the GaN barrier (see Chapter 5), it would be worthwhile to 
implement the same flow scheme in the growth of p-GaN films. This approach 
will be explored in future work. 
7.3 Concluding remarks 
The key findings in the thesis are summarized in this chapter. These 
findings contribute to the field of N-polar GaN research in the aspects of polarity 
control in the epitaxy of GaN on sapphire substrates, anisotropic material 
properties of N-polar GaN on offcut sapphire substrates, flow modulation 
growths of quantum wells, and the novel application of the N-polar GaN 
material. Despite these achievement, it is envisioned that the integration of the 
N-polar III-nitrides on Si substrates is promising in cost-effective production. 
Also it is realized that device applications of the N-polar III-nitrides require 
more efforts on the growth of p-type GaN. The flow modulation scheme was 
proposed to achieve this goal. It is hoped that further breakthroughs will be 




A.1. Calculation of lattice parameters and strain 
The distance d between adjacent crystallographic planes can be 
experimentally determined by the X-ray wavelength 𝜆  and the angle of the 
diffraction peak 𝜃𝑝: 
 𝑑 = 𝜆/2𝑠𝑖𝑛𝜃𝑝. Eq. (A-1) 
The value of d between hexagonal planes (hkl) can also be expressed as: 
 𝑑 = 1/√4(ℎ2 + 𝑘2 + ℎ𝑘)/3𝑎2 + 𝑙2/𝑐2. Eq. (A-2) 
The out-of-plane lattice parameter c is first derived from the angle of 
(00l) diffraction (𝑙 ≠ 0), 𝜃𝑐. That is: 
 𝑐 = 𝑙𝜆/2𝑠𝑖𝑛𝜃𝑐. Eq. (A-3) 
With the lattice parameter c is known, the in-plane lattice parameter a 
can be obtained by measuring the distance dhkl between (hkl) planes (|ℎ′| +
|𝑘′| ≠ 0; 𝑙 ≠ 0) and by calculating Eq. (A-2). 
A.2. Calculation of polarization in ternary III-nitrides 
The spontaneous polarization strengths of ternary III-nitride alloys 
AxB1-xN can expressed to the second order in the composition parameter x as: 
 𝑃𝑠𝑝
𝐴𝑥𝐵1−𝑥 𝑁 = 𝑥𝑃𝑠𝑝
𝐴𝑁 + (1 − 𝑥)𝑃𝑠𝑝
𝐵𝑁 + 𝑏𝑥(1 − 𝑥) Eq. (A-4) 
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The first two terms in the above equations are the standard linear 
interpolation between the binary compounds (Vergard’s law), and the last term 
is the bowing parameter (see Table A.2) describing the nonlinearity to quadratic 
order [141]. 
The piezoelectric polarization strength (𝑃𝑝𝑧) can be calculated with the 
piezoelectric coefficients 𝑒33 and 𝑒31as: 
 
𝑃𝑝𝑧 = 𝑒33𝜖𝑧𝑧 + 𝑒31(𝜖𝑥𝑥 + 𝜖𝑦𝑦), 
𝜖𝑥𝑥(𝜖𝑦𝑦) = (𝑎 − 𝑎0)/𝑎0, 
𝜖𝑧𝑧 = (𝑐 − 𝑐0)/𝑐0, 
Eq. (A-5) 
where e33 and e31 are piezoelectric constants, 𝜖𝑧𝑧 and 𝜖𝑥𝑥 (𝜖𝑦𝑦) are the out-of-
plane and in-plane strain, a and c are the in-plane and out-of-plane lattice 
parameters of the epilayer, and a0 and c0 are the strain-free in-plane and out-of-
plane lattice parameters. For biaxial strain, the in-plane strain and out-of-plane 
strain has the relationship: 
\ 𝜖𝑧𝑧 = −2(
𝐶13
𝐶33
) 𝜖𝑥𝑥, Eq. (A-6) 
where C13 and C33 are elastic constants (see Table A.1). 
For ternary III-nitrides, assuming they are fully strained on the substrate, 
the basal plane strain can be calculated from the lattice constants following the 
Vegard’s law as a function of the composition x: 
 
𝑎𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁(𝑥) = 3.189 − 0.077𝑥, 
𝑎𝐼𝑛𝐺𝑎1−𝑥𝑁(𝑥) = 3.189 + 0.356𝑥, 
Eq. (A-7) 
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𝑎𝐴𝑙1−𝑥𝐼𝑛𝑥𝑁(𝑥) = 3.112 + 0.433𝑥. 
The piezoelectric and elastic constants of the ternary alloys can be obtained 
from the Vegard’s law in the same manner. The total polarization strength has 
the form: 
 𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑠𝑝 + 2𝜖𝑥𝑥 (𝑒31 − 𝑒33
𝐶13
𝐶33
). Eq. (A-8) 
Figure A.1 plots the calculated spontaneous, piezoelectric and total 
polarization with respect to the composition 𝑥 , for metal-polar ternary III-
nitrides fully strained on GaN substrate.  
 
Fig. A.1 Calculated (a) spontaneous, (b) piezoelectric and (c) total polarizations 
in the metal-polar ternary III-nitride fully strained on GaN substrate. 
A.3. Calculation of band structure and optical transition matrices 
The electron band structures of the WZ crystals can be calculated based 
on the 𝒌 ⋅ 𝒑 perturbation theory. In the Brillouin zone, the Hamiltonian 𝐻 and 
the wavefunction 𝑢𝒌(𝒓)satisfies a Schrodinger-type equation: 
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 𝐻𝑢𝑘(𝒓) = 𝐸(𝒌)𝑢𝑘(𝒓), Eq. (A-9)  
where 𝒌  is the wavevector, and 𝐸(𝒌)  is the eigen-energy at 𝒌 . Near the 
Brillouin zone center (i.e., k = 0), the Hamiltonian matrix is treated as a 
combination of three terms [142]: 
 
















2 (∇V × (?̂? + ℏ𝐤)) ⋅ 𝛔 , 
Eq. (A-10) 
where ?̂? and 𝛔 are the momentum operator and Pauli matrices, respectively. 𝐻0 
is the “unperturbed Hamitonian” at 𝒌 = 0, 𝐻𝑠𝑜 is the spin-orbit interaction term 
and 𝐻𝑘
′  is the “perturbation Hamiltonian”. 
In a WZ crystal, taking a coordinate system with 𝑥 ∥ ⟨1120⟩ , 𝑦 ∥
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|(𝑋 + 𝑖𝑌) ↑⟩, 
Eq. (A-12) 
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|𝑢3⟩ = |𝑍 ↑⟩, |𝑢4⟩ =
1
√2




|(𝑋 + 𝑖𝑌) ↓⟩, |𝑢6⟩ = |𝑍 ↓⟩. 
The matrix element in Eq. (A-11) are 
 
𝐻11 = Δ1 + Δ2 + 𝜆 + 𝜃, 
𝐻22 = Δ1 − Δ2 + 𝜆 + 𝜃, 
























𝐴6(𝑘𝑥 + 𝑖𝑘𝑦)𝑘𝑧 + 𝐷6(𝜖𝑥𝑧 + 𝑖𝜖𝑦𝑧), 
Δ = √2Δ3. 
Eq. (A-13) 
Here the 𝐴𝑖 ’s ( 𝑖  = 1–6) are the valence-band (VB) effective-mass 
parameters, the 𝐷𝑖’s (𝑖 = 1–6) are the deformation potentials, Δ1 is the crystal-
field splitting energy, and Δ2 and Δ3 account for the spin-orbit interactions. 𝜖𝑥𝑥, 
𝜖𝑦𝑦  and 𝜖𝑧𝑧 are the strains along the 𝑥, 𝑦 and 𝑧 directions, respectively. 𝜖𝑖𝑗’s 
(𝑖, 𝑗 = 𝑥, 𝑦, 𝑧) are shear strains. 
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At the Γ point (k = 0), the 6 × 6  Hamiltonian matrix can be block 
diagonalized to two 3 × 3 upper and lower Hamiltonians matrices: 




𝐿 ), Eq. (A-14) 
and the 3×3 upper Hamiltonian is expressed as 





], Eq. (A-15) 
where 
 
𝐹0 = Δ1 + Δ2 + 𝜆𝜖 + 𝜃𝜖, 
𝐺0 = Δ1 − Δ2 + 𝜆𝜖 + 𝜃𝜖, 
𝜆𝜖 = 𝐷1𝜖𝑧𝑧 + 𝐷2(𝜖𝑥𝑥 + 𝜖𝑦𝑦), 
𝜃𝜖 = 𝐷3𝜖𝑧𝑧 + 𝐷4(𝜖𝑥𝑥 + 𝜖𝑦𝑦), 
𝐾0 = 𝐷5(𝜖𝑥𝑥 − 𝜖𝑦𝑦), 
Δ = √2Δ3 
Eq. (A-16) 
In the electron band structure of WZ III-nitride crystals, there are three 
degenerated sub-valence bands at the Brillouin-zone center, namely, a heavy-
hole (HH), a light-hole (LH), and a spin-orbit crystal-field splitting hole (SCH) 
[119]. The eigen-energies and wave functions for the valence band energy at the 
band edge can then be obtained by solving the eigen-equation. The upper and 
lower Hamiltonian share the same eigen-energies and their wavefunctions are 
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complex-conjugated of each other. If the upper Hamiltonian 𝐻𝑈 is considered, 
the valence band edge energies of the HH, LH and SCH are given by 
 
𝐸0





































𝑣)(𝐹 − 𝐸𝑣) − 𝐾0
2}





2Δ2 + Δ2(𝐹0 − 𝐸𝑣)2 + {(𝐺0 − 𝐸𝑣)(𝐹0 − 𝐸𝑣) − 𝐾0
2}2.  
Eq. (A-19) 
The complete Bloch wave functions for each valence subband 𝑣 at 𝒌 =
0 is given by: 




3 𝑔𝑣(𝒌)|𝑣⟩, 𝑣 = 1,2,3 Eq. (A-20) 
where |𝑣⟩’s are the basis vector. 
















) + Δ1 + Δ2 + 𝐸𝑔 + 𝑎𝑐𝑧𝜖𝑧𝑧 +
𝑎𝑐𝑡(𝜖𝑥𝑥 + 𝜖𝑦𝑦), 
Eq. (A-21) 
where 𝑚𝑒𝑧 and 𝑚𝑒𝑡 are the longitudinal and transverse effective mass, 𝑎𝑐𝑧 and 
𝑎𝑐𝑡  are the conduction-band deformation potentials along the 𝑐  axis and 
perpendicular to the 𝑐  axis, respectively. The excitonic transition energies 
between the CB minimum and the three valence subbands maximum are then 
given by 
 𝐸𝑣
𝑒𝑥(𝜖) = 𝐸𝑐 − 𝐸𝑣 − 𝐸𝑏𝑖𝑛𝑑
𝑣 , Eq. (A-22) 
where 𝐸𝑏𝑖𝑛𝑑
𝑣  is the exciton binding energy of the valence band. The conduction 
band wavefunction is expressed as 
 Ψ𝑐𝜂(𝒓, 𝒌) =
1
√𝑉
𝑒𝑖𝒌⋅𝒓|𝑆𝜂⟩, Eq. (A-23) 
where 𝜂 and 𝑆 are the electron spin and spherically symmetric wave functions, 
respectively. 
The interband optical momentum matrix is then obtained: 
 𝑴𝑣 = ⟨Ψ𝑐𝜂|𝒆 ⋅ 𝒑|Ψ𝑣⟩, Eq. (A-24) 
where 𝒆  is the optical polarization unit vector. The magnitude of the 𝑴𝑣 
determines the polarization selection rules of the transition between the 
conduction band and the valence bands. The relative oscillator strength (ROS) 
component of each optical transition dipole in the three mutually orthogonal 
polarization directions (i.e., 𝑥-, 𝑦-, and 𝑧-polarization) are [143]: 
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 𝑓𝑣𝑥 = |𝑔1
𝑣 − 𝑔2
𝑣|2, 𝑓𝑣𝑦 = |𝑔1
𝑣 + 𝑔2
𝑣|2, 𝑓𝑣𝑧 = |𝑔3
𝑣|2. Eq. (A-25) 
The probability density 𝐼𝑠𝑝(ℎ𝜁) of the spontaneous emission of a photon with 





























where 𝜁  is the photon frequency, 𝑚𝑒  (𝑚ℎ ) is the effective mass of electron 
(hole), 𝐸𝑔 is the bandgap and 𝐸𝑓 is the Fermi energy. 
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A.4. Material parameters 
Table A.1 Electron band structure parameters 
Parameters GaN AlN InN 
a (Å) at T = 300 K 3.189 3.112 3.545 
c (Å) at T = 300 K 5.1864 4.982 5.703 
𝐸𝑔 (eV) at 300 K 3.437 6.00 0.69 
𝑎𝑐𝑧 (eV) -3.55 -1.7 -2.1 
𝑎𝑐𝑡 (eV) -4.95 -5.09 -2.1 
𝐷1 (eV) -3.6 -2.9 -3.04 
𝐷2 (eV) 1.7 4.9 -5.61 
𝐷3 (eV) 5.2 9.4 5.06 
𝐷4 (eV) -2.7 -4.0 -2.53 
𝐷5 (eV) -2.8 -3.3 -3.5 
𝐷6 (eV) -4.3 -2.7 -7.1 
𝐶33 (GPa) 398 373 224 
𝐶13 (GPa) 106 108 92 
Δ1 (eV) 0.01 -0.227 0.024 
Δ2 (eV) 0.057 0.012 0.017 
Δ3 (eV) 0.057 0.012 0.017 
𝑃𝑠𝑝 (C/m
2) -0.034 -0.09 -0.042 
𝑒33 (C/m
2) 0.97 0.73 1.46 
𝑒31 (C/m
2) -0.57 -0.49 -0.6 
 
Table A.2 The bowing parameters for InGaN, AlGaN and InAlN [145]. 
 InGaN AlGaN InAlN 
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